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Abstract 
The John B. Rich Memorial Power Station, located in the United States, is an 88.4 MW cogeneration power plant 
that has a unique relationship with its surrounding environment.  The power station makes use of a plentiful and 
local byproduct of coal mining, called culm, as a feedstock.  Culm is a low energy combination of anthracite coal, 
ash, and rock left over from the inefficient removal of rock from usable coal in the peak days of coal mining.  For 
decades, culm deposits have leached pollution into groundwater and inhibited normal plant growth.  By using culm, 
the power station removes a significant pollutant and eyesore from the area.  Further, the power station is involved 
in a land reclamation program that covers land cleared of culm with topsoil and plant life.  In order to process the 
culm, the power station utilizes two circulating fluidized bed (CFB) boilers.  The current research uses actual plant 
data to explore the thermodynamic performance of the plant and discuss the environmental implications of the 
unique fuel choice.   The current plant thermodynamic performance is compared to proposed plant improvement 
scenarios including the introduction of turbine reheat, an increased production of process steam, and an initial 
examination of optimal plant load scenarios.  
 
 The plant thermodynamic model is created in MatlabTM using about eight months worth of hourly data samples 
from the plant.  Overall, 79 of the thousands of sensors through the plant are used to provide temperature, pressure, 
and flow rate data.  The first and second laws of thermodynamics are used to analyze the plant components, 
including the boilers, turbine, feedwater heaters, and condenser.  The thermodynamic analyses are performed in part 
to determine properties through the plant, mainly mass flow rates that are not recorded during plant operation, and in 
part to characterize plant performance.  Before the exergy analysis of the boilers can be performed, the streams into 
and out of each boiler must be characterized in terms of composition, mass, and exergy.  Although the energy 
content of the culm is regularly measured by the power station, the exergy content must be determined based on the 
culm composition, which is provided by the plant.  The exergy content of the flue gas is also determined based on 
the culm composition.   
 
Finally, the environmental impact of the plant is discussed.  A number of upstream processes, such as culm transport 
and water demineralization, are examined and compared to the same values for a traditional coal fired plant and a 
wind farm.  The use of land for the cogeneration plant is discussed and compared to the land use with the other two 
power conversion processes.   
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1. Introduction 
1.1. Motivation 
Over the course of the last few decades, the negative impact human activity can have on the environment has 
become increasingly apparent.  With this realization has come a responsibility to strive for more sustainable, less 
environmentally harmful technologies.  One such technology is a cogeneration power plant; where traditional power 
plants expel a great deal of waste heat through the energy conversion process, cogeneration power plants redirect 
“waste heat” to nearby buildings for heat and/or other processes.   
 
Currently, the power sector produces about 70% of the SO2, and 20% of the NOx emissions in the United States [1].  
Obviously, the power sector is a huge contributor to many of today’s largest environmental problems, including acid 
rain, climate change, and general air, water, and land contamination.  Alternatives to traditional power plants, such 
as cogeneration, can decrease the environmental impact of a plant, because fewer resources are needed to generate 
the same amount of benefit.   
 
The importance and emphasis of improving power plant performance has increased as the government has taken an 
interest and policy stance on environmental issues, especially with emissions.  Since the environmental and human 
health impacts of the power sector have become known, the government has stepped in to make sure companies 
behave responsibly in the management of their emissions.  President Obama is planning on lowering the 
countrywide emissions to 80% below 1990 levels by 2050 [1F2], which is a huge goal.  Today, power stations must 
not only move towards more environmentally responsible technologies for ethical reasons, but because they are, or 
may soon be, required to do so by law. 
 
The “cap-and-trade” policy [2F3] has been implemented, requiring that a cap, or the total allowable emissions in a 
given program, be maintained.  The total amount of emissions is parceled into “allowances”, which are units of 
emissions that can be traded between parties within the program.  This policy allows for rewards for parties that 
have low emissions, as they may sell or not buy allowances, while still allowing for parties that have unavoidable 
emissions, as they can buy more allowances.  If a cap on carbon dioxide is implemented, power plants which use 
coal based feedstock will be at a distinct disadvantage since any coal based plant produces a great deal of CO2. 
 
It is with consideration of the above issues- environmental awareness, the harm caused by emissions, and both 
current and upcoming government policy- that this work is undertaken.  The power plant examined in the following 
pages offers a unique take on the environmental, economic, and policy aspects surrounding the power generation 
process.  It is desirable to quantify where and how this plant is better or worse than comparably sized facilities that 
are generally considered better or worse sources of electric energy in terms of environmental impact.  The current 
plant will also be compared to a number of improvement scenarios to examine how changes to the plant affect its 
performance.  
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1.2. Statement of Work 
The motivation for this work is to quantify the performance of the cogeneration power plant and compare it to 
improvement scenarios and other power conversion technologies.  The plant performance and the performance of 
the improvement scenarios will be quantified using thermodynamic and environmental indicators.  A 
thermodynamic model will be generated and implemented using energy and exergy methods.  This analysis builds 
off of a previous analysis of the plant by Bailey et al. [4].  MatlabTM and SimaPro software will be used for the 
thermodynamic model and the environmental analyses, respectively. 
 
Exergy, also known as available energy, is a second law of thermodynamics based quantity that represents the 
energy of a system with regards to a reference environment.  An exergy analysis will gauge not only the quantity of 
various energy streams, but the quality of the energy.  Externalities and lifecycle assessments will also be used 
through this work.  A lifecycle assessment may be used to quantify the environmental impacts of a system over the 
course of its entire life (construction, use, and decommissioning), however, a full LCA will not be performed on the 
cogeneration power plant.  An externality analysis focuses on impacts a system has, positive or negative, which are 
not accounted for by market forces (i.e. the owners of the system do not exchange money for damages or benefits 
their system causes).  
1.2.1. 52BDefine System Boundaries and Reference States 
The definition of system boundaries can have a large effect on the analysis outcome since where boundaries are set 
determine which streams enter or exit the system.  It is therefore necessary to thoughtfully and deliberately establish 
the boundaries that will best define where energy and exergy enter or exit the system.  Any material that passes 
through the boundary should ideally be considered in subsequent analyses.   
 
Since the exergy of a system is relative to a reference state, the reference state data is important for the exergy 
analysis.  The previous model chose reference state values based on standard data.  This work will select reference 
state variables to be as close to the environment around the plant as possible.      
1.2.2. 53BExtension of Thermodynamic Model Using Operational Data 
A thermodynamic model of the plant is developed using MatlabTM.  The analysis of the plant by Bailey et al. [562H4] 
relied on one set of analytical data to determine the temperatures, pressures, and flow rates.  Although the previous 
analysis is a useful validation tool, it does not rely on actual plant data or account for changes in plant load across an 
extended period of time.  The new thermodynamic model, which includes first and second law analyses, relies on 
operational data from the plant whenever possible.  The model is verified to be both self consistent and consistent 
with what is known about the plant.  The model will further serve as a baseline from which other electricity 
generating technologies and plant improvements may be compared.   
 
MatlabTM is primarily used to create the thermodynamic model.  A number of MatlabTM subprograms were found 
through the MatlabTM website to determine certain thermodynamic properties and create diagrams.  The program 
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Engineering Equation Solver (EES) is used to generate T-s and p-h diagrams of the feedwater passing through 
various points of interest through the plant. 
1.2.3. Performance Parameters 
Three areas must be considered in an externality study: human health, environmental health, and resource depletion.  
A number of indicators from literature [5,5F6] will be used to establish a baseline for the power plant.  These 
indicators include: first law efficiency, exergetic efficiency, cost of exergy destruction, environmental impact factor, 
and production cost.  A number of exergy and energy flow diagrams will also be helpful [6F7, 7F8]. 
1.2.4. 55BImprovement Scenarios 
Potential areas of improvement will be identified throughout the plant based on found inefficiencies and areas of 
waste.  Possible solutions will be proposed while keeping in mind that the interactions between components may be 
such that addressing large efficiencies for specific components may not decrease the total impact of the plant [563H ]. 
 
It is likely that different power plant designs will yield higher and lower results for different indicators.  It will be 
necessary to prioritize the importance of each indicator in order to identify the best overall design.  The 
improvements will be brought to the attention of the power plant management with the hopes of implementing at 
least one suggestion. 
1.2.5. 56BSimaPro and Environmental Considerations  
SimaPro software [8F9] uses extensive databases from all over the world to create lifecycle assessments for many 
processes.  After a model of a certain process is created, SimaPro will calculate various inputs and outputs, such as 
emissions, land use, and raw materials used, generated by the system over the course of its life.  By quantifying the 
in streams and out streams from a system or process, SimaPro helps quantify the environmental impacts of the plant.  
The SimaPro software will also be used to model two additional energy conversion technologies- a coal fired plant 
and a wind farm.  The emissions of each scenario will be compared to help determine the relative environmental 
impact of each technology. 
 
The environmental performance of the plant will be gauged in part by approximated emissions levels, which will be 
based on the fuel composition and use, as well as simple combustion reactions, and in part by SimaPro modeling of 
certain processes associated with the plant.  The land use and fuel use will also be considered when examining the 
plant.  
1.2.6. 57BComparisons 
The objective of this work is not only to examine the plant, but to examine what makes the plant different from 
others, how it is different, and quantify, to some extent, the differences.  It is also important to examine what could 
make the plant perform better, in terms of thermodynamic and environmental performance, than it does now.  The 
thermodynamic model of the plant as it is now will serve as a baseline.  The baseline will be compared in two 
categories:  other current technologies, and to the same plant with possible improvements.  Each comparison will be 
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made using indicators, such as first law efficiencies, exergetic efficiencies, and resource use, quantified through the 
thermodynamic model or found through literature.   As far as possible, the economic, environmental, and 
thermodynamic performance of each comparison will be quantified.   
 
After the plant improvements have been identified, the improvements will be modeled by modifying the baseline 
thermodynamic model in MatlabTM.  The improvements will be proposed only for certain components, further 
expediting the analysis process.   The indicator values for the current design will be compared to the values for the 
improvement scenarios and for the coal power plant and wind power farm.   
1.2.7. Changes to Original Statement of Work 
Only a few small changes and changes in emphasis have occurred between the original statement of work and the 
content of this thesis.  Due to complications obtaining operational and other required data, the externalities of the 
cogeneration power plant are not as thoroughly investigated as originally planned. 
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2. Background and Literature Review 
The plant relevant to this research is complex and unique.  This chapter will briefly go over the plant layout, 
available data pertaining to the plant, and the boiler technology.  A brief discussion of the relevance and unique 
aspects of this work are given.  Also included are relevant discussions on current and past research in the fields of 
thermodynamics, externalities and lifecycle assessments, environmental studies, thermoeconomics, and analytical 
tools and methodologies.   
2.1. Brief Overview of the Plant 
The John B. Rich Memorial Power Station, located in Frackville, PA, is an 88 MW cogeneration power station that 
uses culm as a feedstock.  The plant uses two circulating fluidized bed (CFB) boilers to heat steam, which then runs 
through an eighteen stage turbine to produce electricity.  The turbine has five extraction points from which small 
amounts of steam are drawn for process loads or for use within the plant’s five feedwater heaters.  Of the feedwater 
heaters, four are closed and one is open.  The open feedwater heater is called a deaerator (DA).  The plant cooling 
system is comprised of a condenser and four cooling towers.   Each plant subsystem will be described in further 
detail in Chapter 3.  An illustration of the plant is shown in Figure 2.1 [9F10]. 
 
 
Figure 2.1: Illustration of the John B. Rich Memorial Power Station processes. 
 
Cogeneration power systems typically produce both electrical and thermal energy [10F 1].  In a non-cogeneration 
power plant, a large amount of heat is lost through the overall electricity production process.  For example, when 
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steam is produced and passes through a turbine, it often still contains a great deal of energy, however the steam is 
usually fed into a condenser and the energy is wasted.  Cogeneration power systems capture some of that energy in 
the form of heat and put it to use, often in space or process heating applications.  Because the same amount of fuel 
may be used to produce two energy products, the negative impacts of cogeneration power plants are generally lower 
than their non-cogeneration counterparts.  The exergetic efficiencies of cogeneration plants also tend to be higher 
because the plant waste heat is reduced and two useful products are produced. 
 
The most unique aspect of this particular plant is the fuel used.  Since culm deposits are environmentally harmful 
and aesthetically displeasing, the use of culm has positive impacts on the surrounding area.  The plant also has a 
land reclamation program in which the land that has been cleared of culm (about 4 acres a year) is covered with 
layers of ash, topsoil, and plant life.  This creates an interesting interaction with the environment: the plant releases 
emissions, including particulate matter, CO2, SOx, and NOx, into the air, but it also cleans up culm, reclaims land, 
and avoids the production and transportation of another fuel source.   
 
The plant produces three products: electricity, process steam, and ash.  The electricity is sold to PPL, a utilities 
company (formerly known as Pennsylvania Power & Light [11F 2]).  The steam is sent to an adjacent prison facility as 
process heat.  After a screening process for sizing, bottom ash may be sold to the Pennsylvania Department of 
Transportation for slippery roadway reduction in the winter.  The bottom ash has also been approved for use in 
residential septic systems that use sand mounds.  The plant ash was used in concrete until 1997 when a change 
caused an increase level of carbon in the ash streams.   
 
 The plant began operations in 1987 and has a reported on-line status of 92%.  A major scheduled shut down occurs 
each October and a minor shutdown in the spring for regular maintenance, although unscheduled shutdowns 
occasionally occur.     
2.2. 21BMethodology for Current Study 
In order to perform an effective analysis on the culm-fired plant, a number of steps were taken.  First, the layout of 
the plant, including an understanding of important and negligible subsystems of the plant is required.  The 
descriptions of the plant-subsystems can be found from Sections 565H3.2-566H3.5 and an overview of the total plant system in 
Section 567H3.6.  The system boundaries can then be drawn and appropriate reference condition selected.   
 
The thermodynamic model of the plant depends largely on the data available from the plant.  Although the plant 
records temperatures, pressures, and flow rates through many areas of the plant, not every desirable piece of data is 
available.  The model is therefore built from not only an understanding of the plant components, but from the 
available data.  The available data also helps inform assumptions for each of the plant components, since 
unavailable data means the properties must be found alternative ways.   
 
Ideally, each component of the plant would be addressed separately and examined for possible improvements and 
then examined all together at the end.  When the whole plant is examined, it is necessary to employ an iterative 
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process, as suggested by Giannantoni et al. [568H ], as an improvement in one sub-system of the plant will affect the 
performance of other sections.  In this work, certain sub-systems are examined for improvements independent of the 
rest of the plant.   
 
Thermodynamic performance parameters, such as energy and exergy efficiencies, will be generated for each sub-
system of the plant as well as the plant as a whole.  MatlabTM will be used to model the plant.  MatlabTM will also be 
used for some environmental analysis, mainly the emissions produced by the plant.   
 
After the models have been created, results are validated.  Some of the validation is using common sense, some is 
checking for self-consistency, and some is comparing to literature to see if the results are reasonable.   
 
Giannantoni et al. [569H ] suggest that a system, particularly a power producing system, can be improved in six major 
categories: energy, exergy, thermoeconomic, environmental evaluation, and economic.  In order to improve an 
existing system, energy, exergy, and thermoeconomic analyses should first be conducted to determine sources of 
irreversibility and major inefficiencies.  Because of limited costing data, an accurate thermoeconomic analysis is not 
possible for the cogeneration power plant.  For this reason, improvements are based on energy and exergy analyses.  
When improvements are suggested, each proposal is examined from an environmental standpoint.  If appropriate 
data were available, improvement scenarios would also be examined from an economic standpoint.   
 
McMasters [12F 3] describes a methodology using least squares to determine the unit cost of delivering electricity and 
steam from a cogeneration power plant.  The unit costs are found using the known boiler steam required per unit 
time, the amount delivered steam per unit time, and the amount of electricity generated.  Least squares are used to 
determine the ratio between pound mass boiler steam generated and pound mass delivered steam, the ratio between 
pound mass boiler steam generated and kWh delivered electricity, and the internal steam usage.  The ratio values 
can be multiplied to the unit cost of boiler steam to determine the unit cost of delivered steam and delivered 
electricity. 
 
After the thermodynamic analysis of the plant and the improvement scenarios are performed, a partial lifecycle 
assessment (LCA) of the plant is performed using SimaPro and qualitative assessments.  A SimaPro model of a 
wind farm and a coal fired plant are also generated in for the sake of comparison and gauging the relative benefits of 
each system.   
2.2.1. 59BGraphical Tools 
Dincer et al. [13F 4] provide straightforward and useful tools for calculating simple energy and exergy efficiencies for 
various power plants.  Combined energy and exergy diagrams are also highlighted as an effective and compact way 
to display energy and exergy efficiencies.  Wall [ 570H8] presents a number of useful exergetic analysis tools including 
exergetic efficiencies, two types of exergy flow diagrams, exergy utility diagrams (EUDs), lifecycle exergy analysis 
(LCEA), and exergy economy optimization (EEO).  Examples of energy and exergy flow diagrams may be seen 
in 571HFigure 2.4 (see Section 2.9). 
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Soeno et al. [14F 5] address the issue of a system’s environmental impact through the quantification of waste material 
exergy.  The researchers determine the exergy flow by summing the exergy of the products, material waste, exhaust 
heat and losses, and entropy production.  The exergetic analysis can be displayed through diagrams that display both 
exergy and mass flow of a process.  Each stage of a process is represented by an equilateral triangle; one side 
represents input resources, one side represents the products, and the last side represents the material waste.  Arrow 
length is used to represent the magnitude of the exergy and the width is used to signify the mass.  Three types of 
exergy are considered: thermal, chemical, and exergy due to concentration differences. 
 
 Not every diagram described above will be useful in this analysis.  Energy and exergy diagrams will be generated 
using MatlabTM to highlight the usefulness of exergy when compared to energy. 
2.2.2. 60BUncertainty  
A common concern is found throughout literature concerned with externalities and lifecycle assessments; there is no 
one set of assumptions, especially in terms of costs, or one scale (for comparing different impacts) by which LCA 
and externality studies are performed [15F 6, 16F 7].  The non-standard assumptions and scales, along with the impact of 
boundary and scope definitions, in LCA and externality studies create a wide spectrum of possible outcomes, even 
when given the same system or process.  It is therefore important to acknowledge and minimize uncertainties when 
performing either of these analyses.   
 
Söderholm and Sundqvist [572H16] examine the difficulties of placing monetary value on externality parameters.  
Depending on methods used, the monetary values can vary.  A graphical display of a survey of externality costs 
generated by various power generation methods is given.  The graph shows a wide range of costs given due to 
differing assumptions, conditions, and assigned values. 
 
Spadaro and Rabl [17F 8] present a practical, simple, and transparent method of calculating the uncertainty associated 
with the damage costs of pollution.  The presented method, as opposed to the more common use of Monte Carlo 
calculations, may be evaluated in a spreadsheet using sums and products. 
2.2.3. 61BSoftware 
MatlabTM is used throughout this work to process the plant data and calculate the desired indicators and efficiencies.  
Two freeware MatlabTM packages are used to access thermodynamic properties for water and air: X-Steam [18F 9] is 
used to determine the properties of water at various pressures and temperatures, while the IdealAir [19F20] package is 
used to determine the properties of air.  As implied by the second package name, all air calculations assume an ideal 
gas model.  Another Matlab TM package, called drawSankey [20F 1], is used to create the energy and exergy diagrams.  
Engineering Equation Solver [21F 2], or EES, is used for the creation of T-s and P-h diagrams.  One of the main 
benefits of this program is its extensive thermodynamic property reference library.   
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For the lifecycle assessment side of the analysis, as well as the modeling of the coal fired plant and the wind farm, 
the SimaPro [573H9] software from PRé Consultants will be used.  This particular software is structured in accordance 
with the ISO 14040 LCA standards.   
2.3. 22BRelevance of Current Research 
There is research throughout literature about how to improve and quantify power plant performances.  Analyses 
cover coal plants, cogeneration plants, gas plants, and a variety of other common and uncommon technologies.  The 
data used for these analyses, however, are average or estimated temperatures, pressure, and flow rates.  The raw data 
available for this research is immense.  The results produced from this analysis use actual data whenever it is 
available.  The data is taken from about eight months of plant operations.  The data covers the plant at full load, half 
load, transitional loads, and at full power down.   The availability of data also offers many opportunities to validate 
the generated thermodynamic models. 
 
Other research and analyses about power systems in literature often concentrate their efforts on either a single plant 
component or the overall plant performance.  This research offers a detailed examination of a complex power 
system at both component and total system levels. 
 
Not only is a great deal of data available for this work, but the accessibility and assistance of plant personnel from 
the start to finish of the work were invaluable.  Two visits were made to the power plant for tours, data collection, 
and interviews with the Plant Manager (Jim Dudish) and Plant Engineer (Jim Weaver).  When operational data is 
not available, it was often on the advice and experience of the Mr. Weaver that acceptable assumptions were made.  
There is an opportunity with this research to directly consult with the plant personnel about suggested plant 
improvements. 
 
This research builds off of the efforts of Bailey et al. [ 574H ], but expands the breadth of the research and increases detail 
and accuracy.  The thermodynamic boiler analysis of the previous analysis was stalled by insufficient information 
about the exergy content of the fuel and flue gas.  This work includes calculations for the exergy of both streams.  
The previous analysis did not have access to the plant operational data, and so the analyses relied on second party 
plant analyses and estimated data provided by the plant.    
 
This work will not only examine the current plant performance, but compare the plant to improvement scenarios and 
to other electricity generating systems.  The improvement scenarios include both hardware and controls changes for 
specific components of the plant.  Once the analysis is complete the results will be given to the plant for 
examination.   
 
The power plant examined in this work has unique interactions with the surrounding environment because of the 
fuel use and boiler technology.  Whereas traditional coal or coal based power plants require newly mined fuel, the 
cogeneration power plant uses a waste material that is found in abundance within 20 miles of the plant.  The fuel is 
also a pollutant, so while the plant does put out emissions, it also cleans up another source of environmental harm.  
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The unique aspects of this plant make the comparison to more traditional electricity production more interesting.  
The fuel use also brings up interesting questions about governmental policy and how to account for both the 
environmental good and bad aspects of such a unique plant.  Although the previous analysis examined the 
environmental side of the plant, this research goes into greater detail and makes comparisons with other electricity 
producing systems. 
2.4. 23BPlant Data 
The analyses of this work are based on actual operational data whenever possible.  Data used includes culm 
composition samples, emissions levels, and operational data (temperature, pressure, and flow rates).  
 
Culm samples are taken between the processing facility and the plant on a monthly basis for ultimate and proximate 
analyses, which check the fuel’s quality and composition.  If a certain fuel sample is found to be below standard, 
weekly samples are taken until it is assured that the fuel quality has returned to the expected level.  The actual culm 
composition and a description of the ultimate and proximate analyses are described in Section 575H2.5.   
 
The plant is required by state and federal law to collect various emissions data including NOx, SOx, particulate 
emissions, and, recently, CO2.  Emission samples are drawn and analyses at the stack and so are the combined 
effects of combustion from both boilers.  The plant stack releases the flue gas into the air after the fly ash has been 
filtered out.  The data is collected using a Continuous Emissions Monitoring System (CEMS), which, as the name 
implies, takes continuous data samples of regulated emissions to ensure the plant complies with all environmental 
policies.   
 
An almost continuous record of temperatures, pressures, flow rates, fluid levels, and valve positions is kept for 
locations of interest throughout the plant.  Depending on the importance of a given property at a given location in 
the plant, samples may be taken many times a second to every few seconds.  The data is stored on a history server.  
Because of a change is the recording software, only data after June 2009 is available for this analysis.   
2.5. 24BCulm 
The cogeneration power plant of this work uses culm as a feedstock.  Culm is a byproduct of anthracite coal mining.  
During the late 1800s and early 1900s at the peak of anthracite coal mining in Pennsylvania, young boys, called 
“breaker boys” were employed at coal mines to separate out usable coal from the mined material.  An example of 
how the boys worked is shown in 576HFigure 2.2.   
 
Because this sorting method was very crude, a certain amount of coal was sorted out with the rock.  The rejected 
material is what is now called culm.  Since culm has low energy content relative to high quality anthracite coal, and 
because, at the time, there was no economical use for the waste material, culm was left out in huge piles and 
abandoned.  When left in these deposits, culm leaks pollutants, such as aluminum, iron, and sulfates [22F 3] into the 
soil, making it impossible for normal plant life to grow.  More recently, circulating fluidized bed boiler technology 
has made the use of culm as an energy source economically feasible.   
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Figure 2.2 : Breaker boys sorting through newly mined coal [23F 4]. 
 
The difference between culm and anthracite coal may be observed in 577HTable 2.1.  The ultimate and proximate 
analyses are two standard methods for determining the composition of coal based fuels.  Ultimate analyses 
determine the individual elemental composition of the fuel, whereas proximate analyses focus on the major 
components of moisture, ash, carbon and volatile matter.  The anthracite coal data is sampled from the Mammoth 
and Big Lykens seams in Pennsylvania [24F 5].  The culm data is averaged from monthly culm samples taken from the 
feedstock entering the power station.    
 
Since coal is created from plant matter that has been changed over time with pressure and heat, there is no fixed 
structure or composition.  The variability of coal is seen in 578HTable 2.1, but even with the differences, it is possible to 
see that, in general, culm has a much higher percentage of ash, a much lower percentage of carbon, and much lower 
energy content than anthracite.   
 
Table 2.1: Comparison of Anthracite coal composition to anthracite culm composition. 
  As received weight percent 
  Anthracite Culm 
Proximate Analysis (%) 
Moisture 2.1-2.3 14.4 
Volatile Matter 3.1-7.5 6 
Fixed Carbon 80.3-87.7 42.8 
Ash 6.9-10.1 36.9 
Ultimate Analysis (%) 
Carbon 80.9-86.7 44.1 
Hydrogen 2.2-3.3 2.9 
Oxygen 2.9-4.2 16 
Sulfur 0.5 0.5 
Nitrogen 0.8-1.0 0.5 
Heating Value           
kJ/kg (Btu/lb) 
31,300-31,400 
(13,480-13,540) 
15,603      
(6,716) 
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2.5.1. 62BASTM Standard Testing 
Ultimate and proximate analyses are tests used in industries which use coal based products.  These tests are 
commonly used to insure the quality of fuel by examining the high energy components of the fuel (carbon) next to 
the components which generally lower the quality of the fuel (moisture and ash).  Two standard practices are 
followed for culm testing: the Standard Practice for Ultimate Analysis of Coal and Coke (ASTM standard D 3176) 
and Standard Practice for Proximate Analysis of Coal and Coke (ASTM standard D 3172).  
 
 The ultimate analysis is used to find the specific composition of the fuel in terms of moisture, carbon, hydrogen, 
sulfur, nitrogen, ash, and oxygen content.  Although the sulfur and nitrogen content do not greatly affect the higher 
heating value of the fuel, they have an impact on the emissions that will be expected when the fuel is burned.  The 
ultimate analysis produces four sets of data: as-determined, dry, as-received with H and Ox, and as-received without 
H and Ox.  Within the as-determined data carbon, hydrogen, sulfur, nitrogen, and ash are measured directly from the 
sample from either the combustion of the material or chemically (as with nitrogen) as required by the standard 
ASTM procedures.  When a test is said to be “with H and Ox” it is implied that the H and Ox in the moisture are 
counted towards the H and O composition categories in the analysis.  If H and Ox are not included, the H and Ox 
present in the moisture are excluded.   
 
The proximate analysis is more concerned with the fuel components that have a large impact on the energy content 
of the fuel.  The proximate analysis determines the moisture, ash, volatile matter, and fixed carbon of the fuel.  The 
fixed carbon is the main source of energy in fuel, and so the percent fixed carbon is indicative of quality.  Ash is 
mainly inert during combustion, but serves to “dilute” the carbon, thus lowering the energy per unit mass of the fuel.  
Volatile matter refers to the components of coal, such as sulfur, that are released from the coal at high temperatures.  
Moisture readily decreases the heat content of the fuel since energy is absorbed during evaporation. 
 
The culm samples are collected as the culm moves from the culm processing facility to the power plant.  Daily culm 
samples are taken and compiled for a monthly composite analysis performed by an outside lab according to the 
below ASTM standards.  For the purposes of the boiler analysis of this work, the as-received without H and Ox will 
be used in order to best represent the composition of the fuel as it enters the boiler. 
2.6. 25BAsh 
Ash is left over after the combustion of a fuel.  In this research, two types of ash arise after culm combustion: fly ash 
and bottom ash.  Fly ash is a fine, powder like residue.  Since the fly ash particles are so small, they are not captured 
when the fluidized particles in the boiler leave the boiler bed and so they exit the boiler with the flue gases.  The fly 
ash is later separated from the gas in the plant baghouse, which uses filters and air pressure to separate out the ash 
particles.   
 
Bottom ash is composed of larger particles, about the size of gravel, that are removed from the boiler at the bottom 
of the cyclone chamber.  Bottom ash will occasionally fuse together in the high temperatures of the boiler and form 
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“clinkers”.  Clinkers may range from the size of a baseball to larger than a person.  Clinkers can cause problems in 
the boilers because when they are large enough they rest on the boiler bed and can reduce airflow into the boiler. 
 
The quantity of fly ash and bottom ash is important for the thermodynamic model of the boiler since each type of 
ash leaves the boiler at a different location and temperature.  The ash content of culm is measured monthly, 
however, the power station does not track the total amount of each type of ash after they leave the boiler.  Some past 
analyses were performed to estimate the split between the two types of ash.  Results of these studies varied between 
40% bottom ash, 60% fly ash to the opposite, so the best guess estimate is a 50/50 split between the two [25F 6]. 
 
The power plant has previously performed analyses of the trace elements found in culm ash.  579HTable 2.2 summarizes 
the findings from the trace analysis given in parts per million (PPM).  Since ash is the residue of the fuel once all 
combustible materials have been depleted, ash may be viewed as the inert material in a given fuel.  From this 
perspective, it may be seen that the exergy of ash is zero, since it is already at equilibrium with its surroundings.   
 
Table 2.2: Average data from 2006, 2007, and 2008 trace analysis of ash samples. 
 Trace Element 
Concentration 
in Culm 
(PPM) 
Concentration in 
Fly ash (PPM) 
Concentration in 
Bottom Ash (PPM) 
Aluminum 4316.7 23333.3 16483.3 
Antimony 2.5 2.5 2.5 
Arsenic 11.5 32.9 21.8 
Barium 56.9 188.2 137.2 
Boron 0.7 6.8 6.1 
Cadmium 0.3 0.6 0.3 
Chromium 7.0 34.6 22.9 
Cobalt 5.5 6.2 2.9 
Copper 39.9 34.8 17.2 
Lead 29.7 28.5 16.5 
Manganese 87.6 102.9 70.7 
Mercury 0.1 0.2 0.1 
Molybdenum 2.2 10.0 6.0 
Nickel 11.0 13.9 7.9 
Selenium 11.1 13.8 6.0 
Silver 0.5 0.5 0.5 
Zinc 33.8 32.3 15.9 
Ph 3.4 11.8 11.6 
2.7. 26BCirculating Fluidized Bed Boilers 
Circulating fluidized bed (CFB) boilers are a type of boiler technology often used to burn low energy content solid 
fuels, such as municipal waste and culm.  The culm only requires only a small amount of processing before entering 
the boiler.  In a fluidized bed boiler, the fuel particles are suspended in an upward moving gas stream in such a way 
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as to behave as a fluid [26F 7].  A range of fluidization may occur depending on the type of boiler and the point in the 
start up process for the boiler.   
 
580HFigure 2.3 [27F 8] shows the three major stages of a fluidized bed boiler: the combustion chamber, cyclone, and 
economizers.  The chamber on the far left is the combustion chamber where the majority of combustion occurs.  The 
fuel, sorbent, and air are fed into the combustion chamber.  The cyclone chamber, middle, separates the fine fly ash 
from the heavy bottom ash and un-combusted fuel.  The heavier materials fall to the bottom of the cyclone chamber 
and are fed back into the bottom on the combustion chamber.  The final chamber on the right contains the 
superheaters and economizers. 
 
 
Figure 2.3: Example of a large scale CFB boiler. 
 
A CFB boiler is a type of fluidized bed boiler in which the particles are fluidized in the bed, are captured and 
separated from the gas when they leave the bed, and then are returned to the bed, thus circulating in a loop.  Since 
the fuel particles pass through the combustion chamber more than once, they have a longer residence time, which 
allows the bed temperature to be lower while maintaining a low level of unburned fuel.  The lower bed temperature 
results in environmental benefits in terms of lower emissions.  As will be explained further in Section 581H2.8, the 
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majority of NOx emissions are generally created at temperatures well above that of a CFB boiler.  The low 
temperatures also allow for sorbents to be added to the combustion chamber.  Sorbents dissociate in the combustion 
heat and then associate with SOx to capture them in a benign form.    
2.8. 27BEmissions 
Emissions from power plants are environmentally harmful, especially since they are emitted on such a large scale.  
There are three major emission types that of concern in this research: NOx, SOx, and CO2.  Other emissions such as 
particulate matter are also regulated. 
 
The Clean Air Act was first passed in 1970 in order to reduce air pollution and the harmful impacts thereof.  Human 
and environmental health are both considerations for this legislation.  Since 1970 the bill has changed forms until 
the most recent version, which was released in 1990 [ 28F 9].  The Clean Air Act targets six common pollutants, 
classified as “criteria pollutants”: particle pollution, ground level ozone, carbon monoxide, sulfur oxides, nitrogen 
oxides, and lead [29F30].  The electricity generator sector is a huge contributor to these pollutants, and so each 
regulation has large ramifications to power plants. 
2.8.1. 63BNOx 
Nitric oxide emissions, NOx, may take many forms, including NO or NO2.  Nitrogen dioxide causes a number of 
adverse health effects including respiratory irritation as well as contributing to acid rain [30F 1, 31F 2].   The Clean Air Act 
covers the entire NOx family, but NO2 is of the greatest concern because of its known impact on human health and 
its prevalence.    
 
Nitric oxide emissions are formed a number of ways, but two of the most relevant to power production will be 
discussed here.  At high temperatures, nitrogen from the air combines with oxygen to form NO2; this is referred to as 
thermal NO2.  Fuel NOx is generated from the nitrogen embedded in a given fuel source that combines with oxygen 
during combustion.  Nitric oxide (NO) is thermodynamically favored over NO2 at temperatures below 1480oC [32F 3] 
meaning that it is produced in greater quantities than NO2 at low temperatures, such as those seen in CFB boilers.  
The opposite is true in traditional coal fired plants where boiler temperatures are well above the reaction temperature 
for NO2 production [33F 4].  Thermal NO is formed through three reactions: 
 
ܰଶ ൅ ܱ ՜ܱܰ ൅ܰ  (2.1)  
 
ܰ ൅ ܱଶ ՜ ܱܰ ൅ ܱ  (2.2)  
 
ܰ ൅ ܱܪ ՜ܱܰ ൅ ܪ  (2.3)  
 
Fuel NO is formed through the following reaction (2.4) [582H34] where HCN and NH3 are common compounds found in 
coal that include nitrogen. 
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ܪܥܰ/ܰܪଷ ൅ ܱଶ ՜ ܱܰ ൅ڮ  (2.4)  
2.8.2. 64BSOx 
Sulfur dioxide is linked to respiratory problems, as well as contributing to acid rain [583H 2].   Around 66% of SO2 
emissions are generated by the combustion of fossil fuels for power generation [34F 5].  Sulfur dioxide is formed when 
the sulfur component of a fuel reacts with oxygen as shown in reaction (2.5). 
 
ܵ ൅ ܱଶ ՜ ܱܵଶ  (2.5)  
 
When possible, power plants such as this cogeneration power plant may add sorbents, such as limestone, to the 
combustion chamber.  Sorbents act to capture the SO2 generated through combustion.  When limestone is used, SO2 
is captured through reactions (2.6) and (2.7). 
 
ܥܽܥܱଷ ՜ ܥܱܽ ൅ ܥܱଶ  (2.6)  
 
ܥܱܽ ൅ ܱܵଶ ൅ 0.5ܱଶ ՜  ܥܽܵ ସܱ  (2.7)  
2.8.3. 65BCO2 
Carbon dioxide is the most prevalent greenhouse gas, largely because it is produced in large quantities when carbon 
based fuels are burned.  In 2008, the United States produced 5,833 million metric tons of CO2 from the consumption 
of fossil fuel [35F 6].  Of those millions of metric tons, 2,125 million (36.4%) were from coal consumption [ 36F 7].   
 
Carbon dioxide is created during two reactions that occur within the boiler.  The first reaction is from the direct 
conversion of carbon in the coal and oxygen in the air to carbon dioxide, as seen in reaction (2.8). 
 
ܥ ൅ ܱଶ ՜ ܥܱଶ  (2.8)  
 
The second way in which CO2 is generated is from the dissociation of limestone (CaCO3) in the high temperatures 
of the boiler.  Carbon dioxide is only formed this way when limestone is added as a sorbent to capture SO2 as seen in 
Equation 584H(2.6).   
 
The two CO2 producing reactions contribute to the total emissions of CO2 in the power plant in question.  Carbon 
dioxide emissions may be reduced in two ways: improve the efficiency of the plant so less fuel is burned for the 
same power output, causing less CO2 to be generated for the same amount of power exported, or by capturing the 
CO2 after it has already been produced.   
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Methods for improving plant efficiency include increased responsiveness of controls, improved insulation 
throughout a power plant, and redirection of waste streams to be used elsewhere.  One method of reducing CO2 
production is called oxy-fuel combustion, which improves the efficiency of carbon based fuel combustion by 
combusting the fuel in a mixture of oxygen and re-circulated flue gas under high pressures [ 37F 8].    
 
The most practical methods of CO2 reduction today is to capture the CO2 after it has been produced.  This method 
allows auxiliary systems to be added after the fact to current systems, which produce high levels of CO2.  After the 
combustion process, CO2 can be captured using monoethanolamine, which acts as a chemical absorbent, and then 
compressed, and stored in a reservoir [38F 9].  Another method of carbon capture is to form solid CO2 hydrates; gas 
hydrates are crystalline compounds that are composed of a small gas molecule surrounded by a lattice of hydrogen 
bonded water molecules [585H38].    
2.9. 28BExergy 
Exergy and its various applications are at the same time both new and old.  Josiah Willard Gibbs first introduced the 
idea of exergy, although he did not use that term, in 1873, and today’s technical community is still exploring new 
applications of the concept [586H ]. Exergy can be explained simply as the amount of energy, relative to the 
environment, or dead state, which is available to do useful work. The reference environment must be carefully 
chosen to create a meaningful exergy analysis or model.  The reference environment is defined by surroundings with 
uniform temperature, pressure, and chemical composition [39F40, 40F 1].  Changing any of these environmental parameters 
can lead to different analysis outcomes.  
 
Energy analyses are based on the first law of thermodynamics, but exergy is based on the second law.  Traditional 
system analysis methods are somewhat limited in the information they can provide; energy analysis does not make a 
distinction between energy that is usable in a practical sense and energy that is no longer usable.  The concept of 
exergy reflects this difference [41F 2].  Flow diagrams, as seen in 587HFigure 2.4, visually show the disparity between 
energy and exergy.  Upon observation it is easy to see that the sum of the outflows in the energy flow diagram is 
equal to that of the inflow energy.  The sum of the outflow exergy values however, is less than that of the inflow.  
This is because exergy is destroyed during the process, while energy is not.   
 
As per its definition, exergy can be destroyed as a result of irreversibilities in a system; this characteristic makes it a 
valuable tool for determining useful system and component level efficiencies.  Exergy can also be used in 
externalities studies, coupled with economics in thermoeconomic analyses, and incorporated in lifecycle 
assessments (LCA).  The system’s exergetic efficiency will also be used to qualify the plant’s level of sustainability.  
The sustainability of the system is closely related to its level of reversibility.  The closer the plant exergetic 
efficiency is to 100%, the less exergy is destroyed within the plant and the closer the plant is to being reversible.  
The more reversible a system, the more sustainable the system is since there is no permanent damage to the 
environment.    
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Exergy has already been successfully applied to the analysis of various power generation plants.  Rosen and Dincer 
[42F 3] discuss the application of exergy to the improvement of a coal-fired electricity generation plant, resulting in 
suggestions for improving efficiencies for major plant subsystems such as the boiler, condenser, and heat 
exchangers.  In a different article, Rosen et al. [43F 4] use energy and exergy analyses on three configurations of a 
cogeneration-based district energy system, finding that exergy efficiencies for all three examined configurations are 
lower than the corresponding energy configurations.  The lower exergy efficiencies are expected because they take 
into account waste heat. The analyses are used to determine system and component level thermodynamic 
efficiencies, which could then be used to suggest system improvements.  Kaushik and Chandra [44F 5] perform an 
exergetic analysis on a non-ideal cogeneration power plant in an effort to optimize the plant. 
 
 
Figure 2.4: Flow diagrams of condensing power plant [588H ]. 
2.10. 29BExternalities and Lifecycle Assessments 
Externality studies focus on costs associated with a given process that have not been internalized by market forces or 
government regulations [45F 6].  In simple terms, externalities are unpaid for impacts caused by one party that affect 
another party.  An example of an externality may be acid rain damage to a historical monument.  The areas 
examined within externality studies, human health, resource depletion, and environmental health, may also be 
examined with lifecycle assessments (LCA).  Lifecycle assessments are a type of analysis that measures the total 
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impact of a process or product over the span of its lifetime.  An LCA could possibly trace resource consumption and 
use all the way back to the extraction of raw materials, but this is often impractical. 
 
Dewulf et al. [589H41] use the concept of exergy to generate a comprehensive resource-based lifecycle impact 
assessment (LCIA) method.  Although LCIA is a common analysis used to quantify the impact of a product or 
process, in terms of resource “take away” from the environment, a single scale to compare all the various energies 
involved with the lifecycle is not readily available.  All resources can be quantified on the same scale without the 
use of weighting factors by using exergy.  The new method emphases the system boundaries in order to define what 
natural resources, energy flows, and land are entering the industrial system.  The method provides thorough analysis 
because it takes into account the total exergy deprived from the natural system, not just exergy removed from it.  For 
use in a similar assessment, De Meester et al. [46F 7] determine the chemical exergy content of 85 elements and 73 
minerals for use in exergetic LCA (ELCA).  
2.11. 30BEnvironmental Studies and Exergy 
As the over-arching goal of this work is to identify low efficiency areas within the Frackville power plant and 
suggest improvements, it is vital to keep the plant’s environmental impacts in mind.  The current emphasis on the 
environment that U.S. President Obama is bringing to the government makes the importance of environmental 
impact, especially emissions, even more important.  The aforementioned topics of exergy and externalities have 
been used to analyze the impacts of power plants on the environment in the past, although exergy to a lesser degree.  
One must be careful when using the word “sustainability” as there is not a consensus about what the word means or 
implies.   
 
Rosen [47F 8] presents reasons for using thermodynamics, especially exergy analysis, to address environmental 
impacts. It is concluded that exergy is an excellent tool in determining inefficiencies within a system, more so than 
energy analysis alone; by lowering inefficiencies the environmental impact of a system is then reduced.  Meyer et al. 
[48F 9] outline how to perform an exergoenvironmental analysis on an energy conversion system to determine the 
contribution of each component to the total environmental impact. The analysis for each component includes an 
exergetic analysis, an LCA, assignment of environmental impacts to the exergy streams, the calculation of 
exergoenvironmental variables, and the exergoenvironmental evaluation.   
 
Rosen et al. [49F50] also examine the role of exergy in measuring sustainability.  A brief look into the area of 
externalities is taken.  The relationship between exergy and the environment is examined through the destruction of 
order and the depletion or use of resources.  Dewulf and Van Langenhove [590H17] provide a more quantitative 
examination of the relationship between exergy and sustainability.  A methodology for examining impacts on the 
ecosphere, the technosphere, and society, including organic material, is examined. 
2.12. 31BThermoeconomics 
In thermoeconomics, costs are applied to thermodynamics analyses, thus determining the unit cost of energy in a 
given process.  The practice of applying costs to units of energy is especially useful when examining power plants, 
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for obvious reason; the goal of a power plant is to make money by producing energy.  It is therefore valuable to 
know how much money is spent on each unit of energy produced.  The same procedure can also be used with exergy 
instead of energy.  As with thermodynamic analyses, using exergy in a thermoeconomic analysis allows for areas of 
monetary loss due to waste or loss energy in the process to be targeted. 
 
Kwak et al. [50F 1] performed an exergoeconomics analysis is applied to the combined cycle plant in order to 
encapsulate the whole cost of production, initial investments, and monetary losses due to irreversibilities in the 
system.  Unit cost values were applied to exergy balance equations to produce cost-balance equations.  
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3. 8BExperimental Research and Relevant Model Background 
This section describes the specifics of the plant and available data before the actual analysis is described.  This 
section details each major plant component as well as the assumptions and operational data associated with the 
component.   
3.1. 32BOperational Data 
Data from 79 sensors throughout the plant are used in this work.  Currently the plant uses two classes of sensors; 
higher accuracy sensors (+/- 2%), made by Rosemont, are used for critical locations through the plant, such as high 
temperature and pressure locations, for measurements of materials, lower accuracy sensors (+/- 4%), made by 
Bailey, are used for non-critical parameters, such as feedwater temperatures.  
 
In order to access plant operational data, the user must specify the specific start and end time and date desired, the 
desired sample rate (seconds, minutes, hours, or days), and the data tag number, which indicates the relevant sub-
system, data type, and location number.  Once each of these parameters is defined, the requested data is exported to 
an Excel sheet.  591HTable 3.1 summarizes the periods of data available through this analysis.   
 
Table 3.1: Summary of collection start and end times, as well as collection interval. 
Date and Time 
Season Start End Interval (min) 
Yearly 6/28/09 8:49 AM 1/25/10 7:49 AM 60 
Summer 8/10/09 1:29 PM 8/11/09 1:29 PM 5 
Winter 12/10/09 1:37 PM 12/11/09 1:37 PM 5 
Fall (2) 9/1/09 3:07 PM 9/2/09 3:07 PM 5 
Fall 9/10/09 1:43 PM 9/11/09 1:43 PM 5 
3.1.1. 66BRemoved Data 
For the sake of the analysis, sections of the operational data have been removed when the plant was not at usual 
operations or if the data may be considered faulty.  The exported electricity rate (MW) over time is shown in 592HFigure 
3.1.  The shaded area represents the plant shutdown in October for scheduled repairs.  The shutdown time period is 
not considered during the analysis.    
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Figure 3.1: Plot of hourly exported power.  Highlighted area represents removed data.   
  
In addition to the shutdown period, a number of other times are removed due to inconsistent or apparently faulty 
data (such as a negative flow rate or zero electricity production).  The following times were removed from the data 
for the purposes of analysis: 
 
7/7/2009 9:49 AM through 7/7/2009 2:49 PM 
7/18/2009 6:49 AM  
7/22/2009 4:49 AM  
8/6/2009 4:49  
8/31/2009 8:49 AM through 8/31/2009 3:49 PM  
9/4/09 11:49 PM through 10/19/09 9:49 PM 
12/1/09 3:49 AM  
3.2. 33BTurbine and Generator Subsystem 
The power station feeds the combined steam produced from the plant’s two CFB boilers into a General Electric, 
3,600 RPM, custom built, 18-stage impulse turbine divided into a high pressure section and a low pressure section.  
The turbine uses a hydrogen cooling system.   
 
The high pressure section of the turbine is housed in a small enclosure and is covered with extra insulation to 
prevent undue heat losses.  The low pressure portion of the turbine has its own casing.  The turbine set up may be 
seen in 593HFigure 3.2. 
 
The turbine, shown schematically in 594HFigure 3.3, can handle a steam input flow rate of up to 408,000 kg/h (900,000 
lb/h) of steam.  On average, just under 5,000 kg/h (10,890 lb/h) of the steam that passes through the turbine is 
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extracted at extraction point 5 and sold for space and process heating in a nearby prison, however, up to 13,600 kg/h 
(30,000 lb/h) of the steam may be used for this purpose.  In colder months, the steam is also used at the plant and 
associated office space for heating.  Four other extraction points are used to deliver the steam to the plant’s 
feedwater heaters.  The amount of steam drawn from each extraction point depends on a number of factors including 
the current steam production and process load demands.  The amount drawn off at each extraction point is discussed 
in Section 595H3.2.1.  The turbine extraction points, stage location, and extraction steam use is summarized in 596HTable 3.2.  
Besides the main extraction points, a small amount of steam, called the steam seal regulator steam, is drawn off of 
the main steam flow before entrance into the turbine.  The steam seal regulator is used to seal the non-contacting 
vacuum seal around the turbine shaft.  The extra pressure provided by the steam seal regulator is not required during 
normal plant operations when the turbine flow is high enough. 
 
The generator is also manufactured by General Electric and has a nominal efficiency of 95% [597H4].  Some of the 
power produced by the generator is used for internal power plant operations while the majority is sold to PPL.   
 
   
(a)                                                                                  (b) 
Figure 3.2: (a) Picture of (from left to right) generator, low pressure turbine, high pressure turbine housing.   
(b) Inside HP turbine housing. 
 
 
Figure 3.3: Schematic of turbine and generator with control volume 
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Table 3.2: Turbine extraction points, stage locations, and steam destinations. 
Extraction 
Point 
Stage 
Location 
Steam 
Destination 
5 8 Process, FWH 5 
4 10 
FWH 4, Boiler feed pump 
turbine drive 
3 12 Deaerator 
2 14 FWH 2 
1 16 FWH 1 
Exhaust 18 Condenser 
3.2.1. 67BAssumptions 
The turbine analysis requires a number of assumptions to be made.  598HTable 3.3 summarizes the assumptions, which 
are described in full within this section.   
 
Table 3.3: Turbine model assumptions. 
No. Assumption 
1 Generator efficiency of 95% 
2 Assumed vapor qualities at Ext. 1 and exhaust
3 Neglect steam seal extraction 
4 Flow rate through extraction points 
5 Extraction 1 and Extraction 3 temperatures 
6 Heat loss of 1.39% of turbine work 
7 Process condensate return conditions 
 
Discussion of Assumptions: 
1. Generator Efficiency- The generator has a nominal efficiency, ηgen, reported by the manufacturer of 95%.  This 
value will be used to back out the turbine work from the net turbine/generator power generation. 
 
2. Vapor Qualities- Initially, the vapor qualities at extraction 1 and the exhaust were based off of the heat balance 
analysis performed on the plant.  The heat balance analysis was performed by a contractor hired by the power 
plant in 1992.  The analysis did not depend on actual operational data, and so it was found that using the 
reported turbine qualities caused a number of errors when applied to the model of this work.  The discrepancy 
implies that although the initial qualities applied to the heat balance analysis, they do not apply well to model 
the actual plant data.   
 
The qualities recorded in 599HTable 3.4 were determined after the initial thermodynamic model was generated.  The 
values were found using Excel Solver in an iterative process, described in Section 600H .4.1. 
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Table 3.4: Qualities of last two turbine exit points. 
Location Quality 
Extraction 1 96.9% 
Exhaust 88.3% 
   
Since extraction 1 and the exhaust are saturated mixtures of vapor and liquid, the turbine exhaust pressure and 
the temperature at extraction 1, for which no operational data is collected, may be determined by taking the 
saturation pressure or temperature at the corresponding temperature or pressure.   
 
3. Neglecting Steam Seal Extraction- As stated in the sub-system description, there is sometimes a small amount 
of steam drawn off of the main turbine steam inflow used to seal the turbine shaft vacuum.  Since the steam seal 
regulator only draws off a very small portion of the steam, nominally around 0.04% of the main steam flow, and 
is not used at all during normal operations, this particular stream will be neglected. 
 
4.  Flow Rates Extracted- Since the plant does not record the amount of steam exiting at each turbine extraction 
point, the flow rate at each turbine location must be calculated.  The flow rate values will be determined based 
on energy balances and mass balances around different plant subsystems including the condenser, feedwater 
heaters, and the turbine.  These analyses are described in Section 601H4.4. 
 
5. Missing Extraction Temperatures- No operational temperature data is collected at extraction 1.  Since the 
extraction steam at extraction 1 is a saturated mixture, the temperature corresponds to the saturated temperature 
at the recorded pressure. 
 
Although operational data is collected at extraction 3, the temperature probe is assumed to be in error because 
the recorded temperature is consistently within a few percent, higher and lower, to the extraction 4 temperature.  
When the original data is used, the T-s diagram seen in 602HFigure 3.4 is found using calculated average data. 
 
As seen from the figure, the average entropy at extraction 3 is clearly out of place in the smooth decrease in 
entropy and temperature along the extraction points.  The extraction 3 properties are also clearly off when 
examined alongside the heat balance analysis provided by the plant.   
 
Since the operational data in this case is found to be in error, the extraction 3 temperature is calculated based on 
a 76% decrease from extraction 4.  This percentage is taken from the decrease in the corresponding 
temperatures from the heat balance analysis performed on the plant in 1992.    
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Figure 3.4: T-s diagram for plant processes before changing the extraction 3 steam temperature.  
Discrepancy boxed in with dashed lines. 
 
6. Heat Loss- The heat loss, although minor, will be estimated through this work as 1.39% of the total work 
produced by the turbine.  This value is an estimate based on average data and an estimated loss curve for the 
turbine, seen in 603HFigure 3.5.  The average work out of the turbine over the entirety of the collected operational 
data (78 MW exported from the generator corresponds to 82.1 MW generated in the turbine) is taken and 
divided by the maximum turbine work over the same period (92 MW exported from the generator corresponds 
to 96.8 MW generated in the turbine) to find the average load percentage (84.78%).  The average load 
percentage is rounded up to 85% to correspond with the 0.85PF (PF indicates percent full load) curve.  The 
average output is found on the horizontal axis of 604HFigure 3.5 and followed up the bold line to the intersection 
with the 0.85PF curve.  The corresponding loss is then found to be about 1.15 MW.  Finally, the average 
percent heat loss is found by dividing the heat loss (1.15 MW) by the average output (82.1 MW) to find the 
average percent heat loss from the turbine (1.39%).   
 
7. Process Condensate Return- When the process steam is returned to the plant it is mixed with the condensate 
makeup water before entering the condenser.  It is therefore assumed that the process condensate returns to the 
plant at the same temperature and pressure as the makeup water. 
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Figure 3.5:  Estimated heat loss curve provided by plant.  Bold lines provided for reference of assumed case 
used for heat loss percentage.   
3.2.2. 68BOperational Data 
The following table summarizes the available plant operational data associated with the turbine and generator sub-
systems.  Double dashed lines indicate the data is not necessary, while N/A indicates the data is desired, but not 
available.   
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Table 3.5: Summary of available plant operational data with DCS Tags. 
Location Flow Rate Temperature Pressure Power 
Main steam 
ABFI101+ 
ABFI201 
ABTI306 ABPC301 -- 
Extraction 5 N/A ABTI343 ABPI309 -- 
Extraction 4 N/A ABTI337 ABPI312 -- 
Extraction 3 N/A ABTI331 ABPI315 -- 
Extraction 2 N/A ABTI325 ABPT318 -- 
Extraction 1 N/A N/A AFPT352 -- 
Exhaust N/A ACTI410 N/A -- 
Process FBFI301 ABTI343 ABPI309 -- 
Generator Output -- -- -- MAJI302 
-- indicates data not necessary for analysis 
N/A indicates operational data desirable but not available 
 
Since the turbine flow rates are necessary, but not available, they must be determined using analyses of other plant 
components, as discussed in assumption 4 of Section 605H3.2.1.  The average original operational data for the turbine is 
given in Appendix B.  Although the analysis is performed in SI units, the original operational data is recorded in 
English. 
3.3. 34BCondenser and Cooling Tower 
The overall plant cooling systems includes a condenser, a cooling tower, four closed feedwater heaters (FWH), and 
an open feedwater heater called the deaerator (DA).  Although the cooling tower is described in this section, it is not 
included in the overall plant analysis due to insufficient data.   
 
The plant condenser, shown in 606HFigure 3.6, includes four major inflows and one outflow.  The turbine exhaust, boiler 
feed pump turbine (BFPT) exhaust, FWH 1 drain, and condensate makeup all flow into the condenser.  The 
condensate makeup water is stored in the condensate makeup tank into which cleaned well water and the process 
condensate are stored.  A portion of the steam seal regulator steam also feeds into the condenser, but as stated in 
Section 607H3.2.1, this particular stream is neglected. 
 
The condenser is separated into two compartments; in the event that a cooling water tube should leak, half the 
condenser may be closed off to maintain the purity of the feedwater and in order to repair the damage.  In such a 
case the plant is only required to reduce operations to half load instead of fully powering down.  Each stream 
entering the condenser is separated, half and half, into the two condenser compartments.  Similarly, the drains from 
each half of the condenser come together before the condensate pump. 
 
29 
 
Figure 3.6: Schematic of plant condenser system. 
3.3.1. 69BAssumptions 
A few assumptions are made around the condenser as listed in 608HTable 3.6.  Each assumption is explained in greater 
detail in this section. 
 
Table 3.6: Condenser model assumptions. 
No. Assumption 
1 No heat loss to ambient 
2 Saturated liquid streams
3 Unknown pressures 
4 Unknown temperatures 
 
Discussion of Assumptions: 
1. Heat Loss- It is assumed that the condenser is perfectly insulated.  This means the total heat loss from the 
condensate and steam entering the condenser is transferred to the cooling water as shown in 609HFigure 3.7 as the 
quantity ሶܳ ஼.   
 
2. Saturated Liquid Streams- A number of saturated liquids are associated with the condenser; with reference to 
Figure 3.7, the condenser drain (C7), condensate makeup water (C4), the drain from FWH 1 (C5), and the 
cooling water both into (C1) and out of (C2) the condenser are all saturated liquids.  Since these locations are 
saturated in these cases, only the temperature is needed to fix the states. 
 
3. Unknown Pressures- Few pressures are initially known around the condenser.  Since the temperatures are 
known for each of the saturated liquids, the corresponding pressures are not necessary.  The turbine exhaust and 
the BFPT exhaust pressures are taken to be equal since all flows into the condenser should be approximately the 
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same for the sake of efficiency.  The turbine pressure is the saturation pressure at the exhaust temperature, as 
described in Section 610H3.2.1.   
 
 
Figure 3.7: Schematic of the plant condenser showing heat transfer. 
 
4. Unknown Temperatures- Many of the streams entering the condenser have temperatures that are either 
unknown or must be taken from other component analyses.  The water from FWH 1 and the turbine exhaust are 
two or the later.  The remaining unknown temperatures are for the condensate makeup water (C4) and the boiler 
feed pump turbine exhaust (C6).  The condensate makeup water is stored at temperatures between 10-21oC (50-
70oF).  The makeup water temperature will be taken as 10oC (50oF) in the winter, 21oC (70oF) in the summer, 
and 16oC (60oF) in the shoulder months.  The boiler feed pump turbine exhaust is a saturated mixture, and so 
the temperature is taken as the saturated temperature of water at the corresponding pressure. 
3.3.2. 70BOperational Data 
The data available for the condenser is shown in the table below.  There is a significant amount of data required for 
the condenser analysis that is not directly available.  As mentioned in the assumptions, the condensate makeup 
temperature is assumed based on the season and is assumed to be a saturated liquid. 
 
Table 3.7: Summary of available plant operational data with DCS Tags. 
Location Flow Rate Temperature Pressure 
Cooling water into condenser -- DATI325 -- 
Cooling water out of condenser -- DATI328 -- 
Turbine exhaust N/A ACTI410 N/A 
Condensate makeup ADFI338 N/A -- 
FWH 1 drain to condenser N/A AFTI362 -- 
Boiler feed pump turbine exhaust N/A N/A N/A 
Condenser drain to condensate pump ADFI302 ADTI41 -- 
-- indicates data not necessary for analysis 
N/A indicates operational data desirable but not available 
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3.4. 35BFeedwater Heaters, Deaerator, and Feed Pump Systems 
The plant’s five feedwater heaters are used primarily to pre-heat feedwater before it enters the boiler.  With 
reference to Figure 3.8, the condensate enters FWH 1 from the condensate pump (F1), which is fed from the 
condensate drain (C7 in 611HFigure 3.7).  The feedwater passes from FWH 1 to FWH 2 (F2) to the deaerator (F3) as 
shown in 612HFigure 3.8.  Once the feedwater leaves the DA (F4) it enters one of the two boiler feed pumps, which are 
centrifugal pumps, after which it is split into two streams.  Only one BFP is used at once- the second is available in 
case one requires maintenance or repairs.  The smaller of the two feedwater streams does not pass through the 
remaining two feedwater heaters, but is used as spray water in the boilers.  The majority of the water (F5) passes 
through the remaining feedwater heaters before passing through the boiler.   
 
The hot fluid for each of the FWHs is taken from one of the extraction points.  Steam from extraction 5, after the 
process steam is removed, passes through FWH 5 (F15), steam from extraction 4, after the feed for the boiler feed 
pump turbine is taken, passes through FWH 4 (F13), and on down the line as seen in 613HFigure 3.8.  The drain of each 
FWH is mixed with the hot fluids in an adjacent FWH (F16, F14, F11, F9), also shown in 614HFigure 3.8.  The water at 
the drain of each FWH may be approximated as a saturated liquid.  As mentioned, the boiler feed pumps (BFP) are 
used to pump the spray water and the feedwater to the boiler.  The BFP is powered by the boiler feed pump turbine 
(BFPT) - both components are seen in 615HFigure 3.9.  Before steam from extraction 4 enters FWH 4, a portion is 
redirected to run through the BFPT, and then the exhaust released into the condenser (C6).  The BFPT has an 
assumed efficiency of 95% and powers solely the BFP. 
 
 
Figure 3.8: Schematic of feedwater heaters and boiler feed pump. 
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(a)                                                                (b) 
Figure 3.9: Schematics of (a) boiler feed pump and (b) boiler feed pump turbines. 
3.4.1. 71BAssumptions 
The assumptions associated with the feedwater heater system and the boiler feed pump systems are given in  
Table 3.8.  The assumptions are expanded after the table summary. 
 
Table 3.8: Summary of feedwater heater model assumptions. 
No. Assumption 
1 Heat loss 
2  Unknown temperatures 
3 Unknown pressures  
4 Saturated liquids 
5 Compressed liquids 
6 Boiler feed pump turbine efficiency 
 
Discussion of Assumptions: 
1. Heat Loss- It is assumed that the feedwater heaters are perfectly insulated and therefore incur no heat losses.  
Since there is no data available about the BFPT, is assumed to have the same heat loss percentage (1.39%) 
observed in the turbine system.  
 
2. Unknown Temperatures- The temperature at the inlet of FWH 2 (F2), which is also the exiting condensate from 
FWH 1, is found using the plant heat balance analysis and the temperatures at the inlet to FWH 1 (F1) and the 
flow from FWH 2 into the DA (F3).  Using the relationship between the temperatures found at those three 
locations on the heat balance analysis, an equation is found to determine the missing temperature. 
 
ிܶଶ ൌ
0.6629 ிܶଵ ൅ 1.1839 ிܶଷ
2
  (3.1)  
 
Equation (3.1) was determined using Excel Solver (see Appendix C) and the heat balance analysis data.  The 
temperature subscripts correspond to reference locations numbers in 617HFigure 3.8. 
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The temperature of the steam entering FWH 1 (F8) is taken to be equivalent to the extraction temperature at 
extraction 1.  As described in the turbine assumption section (Section 618H3.2.1), the temperature at turbine 
extraction 1 is found by taking the saturation temperature at the corresponding pressure.   
 
3. Unknown Pressures- The first unknown pressure that will be addressed is the pressure of the condensate 
entering FWH 1 (F1).  This fluid comes from the condensate pump.  Since the pressure on the upstream side of 
the pump (C7) is known, it is assumed that the pressure increase is the same as the relative increase seen in the 
heat balance analysis.  In the case of the condensate pump, the pressure at the condenser drain is multiplied by 
108.334: on the heat balance analysis, the pressure at C7 is 1.2 psi and the pressure at F1 is 130 psi.  Dividing 
the pressure at F1 by the pressure at C7 gives 130/1.2 = 108.334.  Since it’s assumed that there is no pressure 
loss through the piping, the condensate pressure remains constant until it enters the DA.   
 
The pressure of the feedwater into the boiler, which is the same as the condensate leaving FWH 5, is known.  
Using the same constant pressure scenario, the pressures upstream of the FWH 5 exit, until the BFP, are equal.   
 
4. Saturated Liquids- The drain of each of the feedwater heaters is assumed to be a saturated liquid.  With this 
information, a temperature reading alone is enough to fix the drain water’s state.  
 
5. Compressed Liquids- The liquid leaving the condensate pump is at a high enough pressure that it is compressed.  
The condensate through FWH 1 and 2 are therefore compressed liquids as well since there is assumed to be no 
pressure drops through the piping.    
 
6. Boiler Feed Pump Efficiency- The boiler feed pump turbine is assumed to have an efficiency of 95%. 
3.4.2. 72BOperational Data 
There are many unknowns in terms of raw data around the feedwater heaters and the boiler feed pump 
systems.  619HTable 3.9 outlines the known, unknown, and unnecessary data for the systems.   
3.5. 36B oiler Subsystem 
The cogeneration power station uses two CFB boilers; 620HFigure 3.10(a) shows the streams into and out of the boiler in 
a simple schematic and 621HFigure 3.10(b) gives a more detailed illustration from the power plant enlarged from 622HFigure 
2.1.  The simple schematic will be used for the modeling of the boilers.  The boilers each have a foot-print of 15’ x 
30’ x 100’ (4.6 x 9.1 x 30.5 meters).  Before culm is added during the boiler start up, the boiler temperatures are 
raised to around 870oC (1600oF) using #2 fuel oil. 
 
Each boiler has two primary air streams that enter from the boiler bed to fluidize the fuel particles and provide 
oxygen for combustion.  The two secondary air streams and the three duct burner air streams enter the boilers further 
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up the combustion chamber.  The secondary blowers send air above the flame in the chamber to help reduce NOx 
and SOx emissions.  Approximately 20% excess air is used in the boilers. 
 
Each boiler also has two culm and two limestone feeds which are adjusted depending on the power load and 
emissions levels.  It should be noted that the emission levels are monitored at the stack, which emits combined gases 
of both boilers.  The plant adjusts the limestone addition depending on the SO2 levels at the stack, so although one 
boiler may be responsible for an increase in a SO2, both boilers will have an increase in limestone addition. 
 
The feedwater passes through the boiler in a series of small tubes for increased exposure to the combustion heat.  
Spray water is used if the feedwater temperature goes above 505oC (940oF) in order to prevent damage to the 
feedwater tubes.  The superheated steam from the boilers is combined, forming the main steam flow, which is 
channeled to the turbine.   
 
The boiler is the most complicated component of the power plant.  The complications are largely introduced by the 
combustion reactions within the boiler.  The exergy content of the fuel must be calculated since culm is discussed so 
little within literature.  The exergy of the flue gas, which depends largely on the culm composition, must also be 
determined before proceeding with the thermodynamic analyses of the plant.   
 
Table 3.9: Summary of data tags used for the feedwater system. 
Location Flow Rate Temperature Pressure 
FWH 1 condensate in ADFI302 ADTI315 N/A 
FWH 2 condensate in N/A N/A N/A 
DA condensate in N/A ADTI306 N/A 
DA drain N/A AETI309 N/A 
FWH 4 condensate in N/A AETI333 N/A 
FWH 5 condensate in N/A AETI328 N/A 
FWH 5 condensate out 
AEFI101 + 
AEFI201 
AETI101 AEPI101 
FWH 1 steam in N/A N/A AFPT352 
FWH 1 drain N/A AFTI362 -- 
FWH 2 steam in  N/A ABTI325 ABPT318 
FWH 2 drain N/A AFTI350 -- 
DA steam in  N/A ABTI331 ABPI315 
FWH 4 steam in  N/A ABTI337 ABPI312 
FWH 4 drain N/A AFTI325 -- 
FWH 5 steam in  N/A ABTI343 ABPI309 
FWH 5 drain N/A AFTI313 -- 
-- indicates data not necessary for analysis 
N/A indicates operational data desirable but not available 
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(a) 
 
(b) 
Figure 3.10: (a) Schematic of boiler showing all entering and exiting streams. (b) Illustration of inner boiler 
workings. 
3.5.1. 73BAssumptions 
In order to examine the boiler in a meaningful and manageable way, two models are constructed with progressively 
more realistic assumptions made.   623HTable 3.10 summarizes the assumptions associated with each of the models. 
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Table 3.10: Summary of boiler model assumptions. 
No. Assumption 
Model 
BI BII 
1 Higher Heating Value √ √ 
2 Neglect boiler blowdown √ √ 
3 120% theoretical air √ √ 
4 Moisture and ash included in culm √ √ 
5 Increased flue gas temperature √ √ 
6 Plant based reactant conditions √ 
8 Residue culm reactants √ 
9 NOx emissions included √ 
 
Discussion of Assumptions: 
1. Higher Heating Value- The higher heating value (HHV) of the fuel will be used through the analysis.  The HHV 
is tested frequently by the power plant and so is readily available.  The higher heat value of the fuel assumes 
that the hydrogen in the fuel after combustion is converted to liquid water.  The HHV is higher than the LHV 
because the LHV takes the water to be vaporized, which requires more energy.  Although in reality the 
hydrogen is converted to vapor, the water created through the conversion of hydrogen to water is small 
compared to the moisture content already present in the fuel.  The difference, therefore, between the HHV and 
LHV is negligible for the purposes of this work.  The exergy analysis will also use the HHV as it reflects the 
maximum amount of energy that could be recovered from the culm.   
 
2. Neglect Blowdown- In order to maintain a high level of purity in the feedwater, a small amount of blowdown it 
removed from the boiler feedwater.  The boiler maintains a continuous blowdown of about 1% of the feedwater 
flow, making it negligible.   
 
3. 120% Theoretical Air- The plant reports that approximately 120% theoretical air (TA) is blown into the boiler 
for combustion.  Although the air into the boiler is measured, the TA will change depending on the fuel 
composition.  The estimated 20% excess air will be used as a working estimate. 
 
Note that the percent TA does not impact any of the exergy values used in this analysis.  The exergy values 
used are related to the reference environment, which includes air, but the exergetic analysis does not rely on the 
amount of air present in a given reaction. 
 
4. Moisture and Ash Included in Culm-  Although dry and ash free (DAF) data is often used to model coal based 
fuels, the assumption that culm has neither ash or moisture is unrealistic.  Culm has a high percentage of ash, 
compared to normal anthracite coal, and high moisture content.  Neglecting these two terms will significantly 
increase the energy and exergy content per kg of culm.  Both moisture and ash will therefore be considered in 
each model. 
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Since ash is the non-combustible portion of the fuel, it is considered to be inert.  This means the exergy of the 
ash streams out of the boiler are zero since they are at equilibrium with the reference state.   
 
5. Increased Flue Gas Temperature:  The temperature of the flue gas leaving the boiler is not directly collected at 
the plant, however, the temperature of the flue gas entering the baghouse is measured.  Since the baghouse is 
just downstream of the boiler, the baghouse entrance temperature is used, but increased by 80oC.  The average 
entrance temperature into the baghouse using the operational data is around 170oC; literature suggests that flue 
gas temperatures expected to be anywhere between 150-250oC [51F 2], so the increased temperature is within a 
reasonable range. 
 
6. Reactant Conditions:  The enthalpy of a given compound depends in part on its temperature.  Part of the first 
law of thermodynamics finds the difference between the enthalpy of each reactant at the reference temperature 
and the inlet temperature.  It is therefore a simplification of the model to assume that the reactants enter the 
boiler at the reference conditions because that component of the enthalpy analysis will cancel out.  Model BI 
assumes that the reactants enter at the reference temperature.  Model BII will assume that the limestone enters 
the boiler at the temperature half way between the reference temperature and the boiler room temperature to 
account for warming that occurs during storage in the limestone silo.  The culm enthalpy is folded into the 
higher heating value of the fuel and so is not dependent on the entering temperature.   
 
On the recommendation of the plant engineer, the duct air is taken to be at the same temperature as the 
secondary air.   
 
7. Residue Culm Components:  Limiting reactants are defined as reactants that, once depleted, cause a given 
reaction to cease.  For the purposes of model BI the culm components (carbon, hydrogen, etc.) will be taken as 
the limiting reactants and, as such, will be completely depleted during the combustion reactions.  For example, 
since carbon will be a limiting reactant with zero residue after the reaction is completed, each carbon atom from 
the culm will be combined with two oxygen to create carbon dioxide.  Because the carbon is completely 
converted to carbon dioxide, it will be assumed for model BI that there is no carbon residue in the bottom or fly 
ash. 
 
Model BII will take the unburned carbon into account.  The residue carbon is of special interest because the 
amount of carbon residue in the ash is indicative of the completeness of the fuel combustion.  Although changes 
to the plant have been made since, an analysis of the unburned carbon in the plant ash was performed in 2006.  
According to this analysis, ash contains about 9% carbon.  It will be assumed in Model BII that 9% of the ash is 
carbon.  The percent of the carbon that is not burned may be found by multiplying the percent ash by the 
percent of ash that is carbon. 
 
8. NOx Emissions:   As discussed in Section 624H .8.1, NOx may be formed either from the nitrogen in the air, N2, or 
from nitrogen in the fuel, which may come in a number of molecules.  Since the temperatures of the boiler are 
lower than necessary for thermal NOx reactions, only fuel NOx will be considered. 
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The plant NOx emission are so far below the permissible values, as regulated on both a federal and state level, 
that they are of little concern to the plant.  Because the levels are so low, it will be assumed in model BI that the 
NOx emissions are negligible.  The NOx emissions will be taken into account in model BII.  Because the CEMS 
data from the plant does not differentiate between NO and NO2, and because the operational temperature is far 
below the temperature to create NO2, all the NOx emission data from the plant will be assumed to be fuel NO 
[625H34].   
3.5.2. 74B oiler Chemical Reactions 
Based on their respective assumptions, each boiler model will consider a different set of chemical reactions to 
describe the combustion process.  The main components of culm are carbon, hydrogen, sulfur, nitrogen, oxygen, 
moisture, and ash.  The reactions will include these major components of the culm combusting with 20% excess air 
(generally referred to as λ), composed of 21% oxygen and 79% nitrogen.  Although there are other elements within 
culm, those listed exist in the most significant amounts.   
3.5.2.1. 111BModel BI 
The basic reactions for carbon, hydrogen, and sulfur (Reactions 626H(3.2)- 627H(3.4)) during combustion are described by 
Coskun et al. [52F 3].  Recall that for Model BI NOx reactions are not considered.   
 
ܥ ൅ ሺ1 ൅ λሻሺܱଶ ൅  3.76 ଶܰሻ ՜ ܥܱଶ ൅ λܱଶ ൅  3.76ሺ1 ൅ λሻ ଶܰ  (3.2)  
 
ܪ ൅ ሺ1 ൅ λሻሺܱଶ ൅  3.76 ଶܰሻ ՜
1
2
ܪଶܱ ൅ ሺ0.75 ൅ λሻܱଶ ൅ 3.76ሺ1 ൅ λሻ ଶܰ 
 (3.3)  
 
ܵ ൅ ሺ1 ൅ λሻሺܱଶ ൅  3.76 ଶܰሻ ՜ ܱܵଶ ൅  λܱଶ ൅  3.76ሺ1 ൅ λሻ ଶܰ  (3.4)  
 
ܥܽܥܱଷ ՜ ܥܱܽ ൅ ܥܱଶ  (3.5)  
 
ܥܱܽ ൅ ܱܵଶ ൅ ሺ1 ൅ λሻሺܱଶ ൅ 3.76 ଶܰሻ ՜  ܥܽܵ ସܱ ൅ ሺ0.5 ൅ λሻܱଶ
൅   3.76ሺ1 ൅ λሻ ଶܰ 
 
(3.6)  
 
2ܰ ՜ ଶܰ  (3.7)  
 
2ܱ ՜ ܱଶ  (3.8)  
 
Reactions 628H(3.5) and 629H(3.6), which show limestone related reactions, are used by Martin et al. [53F 4] in an exergy 
analysis of a co-combustion, meaning two different fuel sources are used, fluidized bed boiler using low grade coal 
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and biomass.   The nitrogen and oxygen present in the culm is only converted to N2 and O2 through the reactions 
given by 630H(3.7) and 631H(3.8). 
3.5.2.2. 112BModel BII 
Model BII includes residue carbon and NOx emissions.  In order to approximate the NOx emissions an additional 
nitrogen reaction is used.  It was found by examining the CEMS emission data combined with the culm composition 
that approximately 1.3% of the nitrogen in the fuel is converted to NO.  Thus the amount of NO leaving the boilers 
is found by multiplying the amount of fuel nitrogen by 0.013.  The remaining amount of fuel nitrogen is converted 
to N2 by Reaction 632H(3.7).  The percent residue carbon is given as r.  The final set of reactions includes 
Reactions 633H(3.3)-634H(3.6) and 635H(3.8), and the following. 
 
ܥ ൅ ሺ1 ൅ λሻሺܱଶ ൅  3.76 ଶܰሻ ՜ ሺ1 െ ݎሻܥܱଶ ൅ ሺλ ൅ ݎሻܱଶ ൅ 3.76ሺ1 ൅ λሻ ଶܰ
൅ ݎܥ 
 
(3.9)  
 
ܰ ൅ ሺ1 ൅ λሻሺܱଶ ൅  3.76 ଶܰሻ ՜ ܱܰ ൅ ሺ0.5 ൅ λሻܱଶ ൅ 3.76ሺ1 ൅ λሻ ଶܰ  (3.10)
3.5.2.3. 113BCalculating Chemical Coefficients 
The coefficients of the products in the above boiler model reactions have already been solved for by balancing the 
number of atoms of each type on each side of the reaction.  The mass balance procedure for the first five reactions of 
model BI is shown as an example.  The mass balance for model BII follows the same logic, but with slightly 
different chemical reactions.   
 
The reactions used in model BI, excluding the limestone reactions, are duplicated in Equations 636H(3.11) to 637H(3.15), 
however, the reactant coefficients are left in variable form. 
 
ܥ ൅ ሺ1 ൅ λሻሺܱଶ ൅  3.76 ଶܰሻ ՜ ܥܱଶ ൅ ݒଵܱଶ ൅ ݒଶ ଶܰ  (3.11)
 
ܪ ൅ ሺ1 ൅ λሻሺܱଶ ൅  3.76 ଶܰሻ ՜
1
2
ܪଶܱ ൅ ݒଷܱଶ ൅ ݒସ ଶܰ 
 (3.12)
 
ܵ ൅ ሺ1 ൅ λሻሺܱଶ ൅  3.76 ଶܰሻ ՜ ܱܵଶ ൅ ݒହܱଶ ൅ ݒ଺ ଶܰ  (3.13)
 
2ܰ ՜ ଶܰ  (3.14)
 
2ܱ ՜ ܱଶ  (3.15)
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Note that from these reactions, the flue gas will be composed of CO2, H2O, SO2, and air (O2 and N2).  The product 
coefficients, ݒ௜, are found by balancing the elements on each side of the reaction.  For example, in the first reaction, 
ݒ1 is found by balancing the number of oxygen atoms on each side as shown in Equation 638H(3.16). 
 
2ሺ1 ൅ ߣሻ ൌ 2 ൅ 2ݒଵ  (3.16)
 
Simplifying Equation 639H(3.16) for ݒ1 yields Equation 640H(3.17). 
 
ݒଵ ൌ ߣ  (3.17)
 
When the logic of Equations 641H(3.16) and 642H(3.17) is followed, Reactions 643H(3.11) through 644H(3.15) become 
Equations 645H(3.18)-646H(3.22) which are the reactions listed in Section 647H3.5.2.1. 
 
ܥ ൅ ሺ1 ൅ λሻሺܱଶ ൅  3.76 ଶܰሻ ՜ ܥܱଶ ൅  λܱଶ ൅  3.76ሺ1 ൅ λሻ ଶܰ  (3.18)
 
ܪ ൅ ሺ1 ൅ λሻሺܱଶ ൅  3.76 ଶܰሻ ՜
1
2
ܪଶܱ ൅ ሺ0.75 ൅ λሻܱଶ ൅ 3.76ሺ1 ൅ λሻ ଶܰ 
 (3.19)
 
ܵ ൅ ሺ1 ൅ λሻሺܱଶ ൅  3.76 ଶܰሻ ՜ ܱܵଶ ൅  λܱଶ ൅  3.76ሺ1 ൅ λሻ ଶܰ  (3.20)
 
2ܰ ՜ ଶܰ  (3.21)
 
2ܱ ՜ ܱଶ  (3.22)
3.5.3. 75BOperational Data 
Because the correct operation of the boiler is vital for both the productivity and safety of the power station, there is a 
wealth of data associated with this plant component.  648HTable 3.11 summarizes the available data.  Note that “N/A” 
indicates the data is not available and double dashes indicate the data is not needed for the analyses of this work.   
3.6. 37BTotal Plant System 
At this point, each of the major plant components has been described and their specific assumptions discussed.  The 
sum of the subsystems is what makes up the plant as a whole, and it is important to understand how each system is 
interconnected.   649HFigure 3.11 shows a layout of the entire plant as it will be examined in the thermodynamic analyses 
described in Chapter 650H4.   
3.6.1. 76BSystem Boundaries 
The system boundaries for the thermodynamic analysis of the plant will encompass the land directly around the 
power station building.  The inflows to the system include air, well water, mine water, return process condensate,  
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Table 3.11: Summary of boiler data tags.   
Location Flow Rate Temperature Pressure 
Feedwater Out ABFI101 ABTI103 ABPI102 
Feedwater In AEFI101 AETI101 AEPI101 
Culm JCFI185+JCFI186 N/A -- 
Limestone NJCFI188+JCFI189 N/A -- 
Primary Air 
BAFI150A + 
BAFI150B 
BATI101 -- 
Secondary Air BAFI152 + BAFI153 BATI155 -- 
Duct Air 
BAFI155 + BAFI156 
+ BAFI157 
BATI155 -- 
Flue Gas N/A JPTI131 -- 
Fly Ash N/A JPTI131 -- 
Bottom Ash N/A JCTI104 -- 
-- indicates data not necessary for analysis 
N/A indicates operational data desirable but not available 
 
 
Figure 3.11: Schematic overview of entire plant. 
 
Table 3.12: Summary of general and plant wide assumptions 
No. Assumption 
1 Steady state 
2  Ideal gases 
3 Composition of materials  
4 Negligible losses 
5 Negligible potential and kinetic energy changes 
6 Plant based reference conditions 
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culm, and limestone.  The main outflows from the system include ash, exhaust (emissions, particulate matter, air, 
and moisture), waste heat, process steam, and electricity.   
 
Upstream processes of the plant, such as water purification and culm processing, will not be directly considered by 
the thermodynamic analysis, although some of the power used internally in the plant may be directed towards these 
processes.  The land reclamation side of the plant will also be put aside for this portion of the thermodynamic 
analysis. 
3.6.2. 77BAssumptions 
There are six assumptions, summarized in 651HTable 3.12 on the previous page, which hold for each subsystem model or 
become important when the plant as a whole is examined.  Each of the assumptions is described in depth in this 
section.   
 
Discussion of Assumptions: 
1. Steady State- Each model is assumed to operate at steady state.  The John B. Rich Memorial Power Station 
has a 92% on-line status, meaning the plant is producing power approximately 92% of the year.  The 
largest transient the boiler can experience is during start up and shut down times, which occurs 
infrequently.  Whenever possible the plant runs at a steady load.  In recent years, a steady load could be 
either at full or half production.  It is therefore a fair assumption to perform these analyses at steady state.   
 
Although the steady state analysis will provide valuable and useful information, in recent years a transient 
analysis approach has become increasingly significant.  Due to economic factors, mainly the decrease in 
wholesale electricity prices and constant operation costs, the plant has found it necessary to lower power 
production by up to 50% during low electricity demand hours.  Because of the increased frequency of non-
steady state operations, this work could be expanded to examine the impacts of cycling between full and 
half operation capacity on a daily period. 
 
2. Ideal Gases- The air flow into the boiler, the flue gas exiting the boiler, and the exhaust exiting the stack 
are all assumed to be ideal gasses. 
 
3. Composition of Materials- In order to simplify each model, the material compositions will be taken as their 
purest and simplest forms.  This assumption will affect the air, culm, limestone, and water compositions.  
The air entering the boiler will be modeled as 21% oxygen and 79% nitrogen.  Although air is composed of 
other compounds as well, oxygen and nitrogen are the most prevalent.   
 
The culm composition will be based purely on the ultimate and proximate analysis data provided by the 
plant.  With this assumption, culm is composed of carbon, hydrogen, sulfur, nitrogen, oxygen, moisture, 
and ash.   
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The limestone sorbent used will be composed purely of calcium carbonate (CaCO3).  Finally, all feed and 
cooling water will be assumed to be free of impurities.   
  
4. Negligible Losses:  Through the course of this work it will often be necessary to assume there are no 
energy losses through the plant piping.  This allows data available at one end of a pipe (such as at the 
turbine exhaust) to be used at the other end of the pipe (such as the inlet to the condenser).  
 
5. Neglect Change in Kinetic and Potential Energy:  Since the heat transfer and work outputs of the plant are 
so large, the changes in kinetic and potential energies will be small in comparison.  The affects of changes 
in kinetic and potential energies will therefore be neglected throughout this work.   
 
6. Plant Based Reference Environment:  The reference environment for an exergy analysis is very important 
because exergy, unlike energy, is a comparative term between a system and a reference environment.  By 
choosing a different reference environment (defined by temperature, pressure, and chemical composition), 
the exergy analysis will produce different outcomes.   
 
The plant analysis will compare results between two sets of reference conditions: standard SI reference 
conditions and realistic reference conditions over the months of available data.  The standard reference 
conditions will be used in order to compare this analysis to similar analyses in literature.  Frackville, PA is 
located at an elevation of 1,470 ft (448 m) above sea level, which corresponds to 0.961 bar (96.07 kPa).  
Each of the realistic reference temperatures are based on average seasonal temperatures for Frackville.  A 
summary of all reference conditions is shown in Table 3.13. 
 
Table 3.13: Summary of Reference Conditions 
 Reference set Pressurebar 
Temperature 
K 
Standard 1.013 298 
June, 2009 0.961 293 
July, 2009 0.961 294 
August, 2009 0.961 295 
September, 2009 0.961 290 
October, 2009 0.961 284 
November, 2009 0.961 282 
December, 2009 0.961 273 
January, 2010 0.961 272 
3.6.3. 78BOperational Data 
The data used for the total plant analysis includes the entirety of the data described in the previous sections.  The 
total analysis also includes the power exported from the plant, DCS tag MPJI301. 
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4. 9BThermodynamic Models 
The thermodynamic model of the power plant is created with a number of purposes in mind: 
 
1. To determine basic thermodynamic properties at all points of interest through the plant. 
2. To describe the current performance of the plant in terms of common thermodynamic measures, such as 
energy based efficiencies, as well as less common, but more useful, parameters, such as exergy based 
efficiencies. 
3. To create a basis on which plant improvement suggestions may be made. 
4. To model improvement suggestions. 
5. To create a basis of comparison by which this cogeneration power plant may be compared to other types of 
power generation. 
 
Because of insufficient data, it is impossible to analyze each plant subsystem independent of the others.  A 
combination of isolated and interconnected analyses are required in order to determine all necessary properties and 
flow rates at each point of interest through the model.   
4.1. 38BPrevious Work 
Bailey et al. [652H4] perform the initial analysis of the power plant.  Bailey’s work provides a starting point for this 
current work.  The following section outlines the original power plant analysis.  The assumptions on which the 
original analysis is based are slightly different than those employed in the current analysis.  The schematic used in 
the previous analysis is seen in 653HFigure 4.1.  Each of the numbered locations has an associated set of properties taken 
from a past heat balance analysis of the plant undertaken by an external consultant in the 1990’s.     
 
 
Figure 4.1: Schematic of the Frackville cogeneration power plant used in the original plant analysis [654H ]. 
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4.1.1. 79BThermodynamic Model 
The original model was built using a combination of EES and Excel.  Instead of using operational data over a period 
of time, the model uses a single fixed state at each location of interest throughout the plant.   
 
Since the calculation of culm exergy is new to this study, the previous analysis could not take into account the 
exergy performance of the boiler or of the total plant system.  The lack of exergy data was one of the major 
limitations of the original model.   
4.1.2. 80B Externalities Study 
The externality study previously performed on the Frackville power plant is brief, although it does point out where 
the study could be expanded.  655HFigure 4.2 was given in the previous work as an example of information required for a 
full externality study. 
 
Figure 4.2: Example of information required for an externality study.  Created by Bailey et al. [656H4]. 
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The study examines the costs of two pollutants, SO2 and NO2.  General emission data for coal-fired power plants are 
used to generate the externality costs of these two pollutants for a conventional coal power plant, a total of 
$7,352,500/year.  The emissions of the culm-based power plant are taken as 10% of a conventional power plant, 
thus resulting in $735,350/year for the cogeneration power plant.  The unit costs per pound of pollutant are largely 
due to “years of life loss” and health care costs due to adverse health effects from the pollutants.   
4.2. 39B asic Thermodynamic Model 
Each subsystem model includes specific assumptions as well as the set of general assumptions stated in 
Section 657H3.6.2.  Using the general assumptions, the basic thermodynamic equations (energy and exergy balances) 
may be simplified to a state all the models may use.  Each location of interest through the plant is given a location 
reference number.  The number consists of a letter- B for boiler, T for turbine, F for feedwater heater, or C for 
condenser- and a number indicating the location.  The overall plant schematic with the reference numbers is given 
in 658HFigure 4.3. 
 
 
Figure 4.3: Plant schematic with location reference numbers. 
4.2.1. 81BGeneral Energy Balance 
The basic energy balance for a control volume (cv) is given in Equation (4.1). 
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(4.1)  
 
Throughout this research, E represents energy, Q heat transfer, W work, m mass, h enthalpy, V velocity, g the 
gravitational constant, and z height from a reference point.  Each of the subcomponents assumes steady state 
conditions as well as negligible kinetic and potential energy effects.  The energy balance thus simplifies to 
Equation 659H(4.2). 
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(4.2)  
 
Equation 660H(4.2) may be further simplified as required by the assumptions and schematic of each subsystem. 
4.2.1.1. 114BEnthalpy Calculations 
The enthalpy of a compound at a state other than standard is defined in Equation 661H(4.3). 
 
݄ ሺܶ, ݌ሻ ൌ ݄௙
௢ ൅ ሾ݄ሺܶ, ݌ሻ െ  ݄ሺ ௢ܶ, ݌௢ሻሿ ൌ ݄௙
௢ ൅ ∆݄  (4.3)  
 
Temperature is given as T, pressure as p, and ݄௙௢ represents enthalpy of formation.  There are a number of streams 
through the plant that require special enthalpy considerations.  Since all gases are taken as ideal gas, and their 
properties therefore solely dependent on temperature, the change in enthalpy for any gas in the models may be found 
with Equation 662H(4.4).  It is also the case that the enthalpy of solids depend vary little on pressure, since they are 
incompressible, and so solid materials may also have enthalpy values based solely on temperature. 
 
∆݄ ൌ න ܿ݌ሺܶሻ݀ܶ
ܶ2
ܶ1
 
 
(4.4)  
4.2.2. 82BGeneral Exergy Balance 
The basic exergy balance for a control volume given in Equation 663H(4.5) where exergy is given as ॱ and specific 
exergy as অ.  A temperature around a given control volume is given as Tb. 
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(4.5)  
 
Exergy is defined in Equation 664H(4.5) as the combined effects of physical and chemical exergy, অ஼ு.  Equation 665H(4.6) 
defines the total exergy of a material at a given state. 
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(4.6)  
 
Considering the general assumption of steady state, Equation 666H(4.5) simplifies to Equation 667H(4.7). 
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(4.7)  
 
When kinetic and potential energies are neglected, the bracketed term in Equation 668H(4.6)  becomes Equation 669H(4.8), 
where অ௙ is the flow exergy. 
 
অ௙ ൌ ሺ݄ െ ݄௢ሻ െ ௢ܶሺݏ െ ݏ௢ሻ  (4.8)  
 
In both steady state and transient cases, the exergy destruction may be found either from the exergy balance (solve 
for ሶॱ ௗሻ  or from Equation 670H(4.9). 
 
ሶॱ ௗ ൌ ௢ܶߪሶ   (4.9) 
 
Where ߪሶ  for a control volume is the entropy production, defined by Equation 671H(4.10). 
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(4.10)
 
Entropy production at steady state is defined with Equation 672H(4.11). 
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4.3. 40BExplanation of Matlab TM Matrices Structure 
The arrays used through the MatlabTM code have a standard structure that should be understood before examining 
the code.  Before any calculations are made, eight Excel spreadsheets, listed in 673HTable 4.1, are imported into 
MatlabTM.  Five of the spreadsheets contain the operational data; there is one file for each of the major plant sub-
systems- boiler 1, boiler 2, turbine, condenser, and FWH system.  Each of the imported files, originally in English 
units, is given a variable name: “b1” for boiler 1, “b2” for boiler 2, “tu” for the turbine, “c” for the condenser, and 
“f” for the FWH system.   Two of the remaining imported files contain data from the ultimate analysis for the coal; 
one on a dry basis, and one on an as-received basis.  The final file contains the chemical properties of the 
compounds that pass through the boiler.  The chemical properties included are the molar mass, standard chemical 
exergy, enthalpies of formation, and specific heats.  The full MatlabTM code is given in Appendix C.  A screenshot 
of the code used for importing the operational data is given in 674HFigure 4.4. 
 
Table 4.1: Summary of data files used in analysis. 
File Contents Matlab
TM 
variable name 
File Name with full 
data 
File Name with Steady 
State data 
Operational data for boiler 1 b1 B1.xls B1_SS.xls 
Operational data for boiler 2 b2 B2.xls B2_SS.xls 
Operational data for turbine tu Tu.xls Tu_SS.xls 
Operational data for condenser c Cond.xls Cond_SS.xls 
Operational data for feedwater heaters f FWH.xls FWH_SS.xls 
Average ultimate analysis of culm on 
dry basis 
UA_d UA_d_avg.xls -- 
Average ultimate analysis of culm on as 
received basis 
UA_r UA_r_avg.xls -- 
Chemical and thermodynamic properties 
of compounds used in analysis 
prop properties.xls -- 
 
 
Figure 4.4: MatlabTM code for importing and unpacking operational and plant data. 
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Each of the sub-system files contains a column for the flow rates, temperatures, and pressures for each of the 
component’s locations of interest.  The operational data for each spreadsheet is organized in the same way: if there 
are X locations of interest, the first X columns are for flow rates, the second X columns are for temperature, and the 
third X columns are for pressures.  Any other relevant information for a given component is added to the end of the 
pressure data.  As an example- the turbine has seven locations of interest, the inlet, five extraction points, and the 
exhaust, so X=7 in this case.  Columns 1-7 are reserved for flow rates, columns 8-14 are for temperatures, and 
columns 15-21 are for pressures.  The process steam flow rate, steam flows from both boilers, and generator export 
take up columns 22-25.  Each row of data represents data from one point in time, and so all the files have the same 
number of rows.  The specific numbering system for each of the components will be given in the appropriate section 
of this chapter. 
4.4. 41BFeedwater Heater, Turbine, and Condenser Subsystems 
In order for complete energy and exergy analyses of the feedwater heaters, turbines, or the condenser to occur, the 
state of the steam or condensate at each notable location must be known.  It is preferable to fix the state of a location 
using temperature and pressure operational data.  If both pieces of information are not known the state is fixed by 
assuming or calculating a value for the missing data or assuming the state is a saturated liquid or vapor.   
4.4.1. 83BDetermining Flow Rates 
675HFigure 4.5, a copy of 676HFigure 3.8, should be used for reference through the model of the feedwater heaters.  677HTable 4.2 
gives descriptions for each of the locations through the figure, as well as the associated MatlabTM column reference 
numbers for the feedwater heater system operational data.   
 
 
Figure 4.5: Schematic of FWH system with reference tags for analysis. 
 
There are relatively few locations through the plant at which flow rates are measured.  The strategy for finding 
missing flow rates through the feedwater heaters is thus: energy and mass balances are performed around FWH 5 to 
determine the entering steam flow from extraction 5.  Using the information from the analysis around FWH 5, a 
similar set of analyses are performed around FWH 4 to find the steam entering FWH 4.  A large control volume is 
then taken around the turbine, condenser, DA, FWH 2, and FWH 1 to find the flow of steam into the DA.  Again, 
energy and mass balances are taken around FWH 2 and then FWH 1 in order to determine the unknown steam in 
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flow rates.  Once the flow rates of the steam entering each FWH are found, the flow rates out of each extraction 
point on the turbine except extraction 4 may be found.   
 
Table 4.2: Description of reference numbers for FWH system. 
 Matlab TM Column references 
Location 
number Description Flow Rate Temperature Pressure 
F1 FWH 1 condensate in from condensate pump 1 17 33 
F2 FWH 2 condensate in from FWH 1 2 18 34 
F3 DA  condensate in from FWH 2 3 19 35 
F4 DA drain to BFP 4 20 36 
F5 FWH 4 condensate in from BFP 5 21 37 
F6 FHW 5 condensate in from FWH 4 6 22 38 
F7 FWH 5 condensate out to boilers 7 23 39 
F8 FWH 1 steam in from extraction 1 8 24 40 
F9 FWH 1 drain to condenser 9 25 41 
F10 FWH 2 steam in from extraction 2 10 26 42 
F11 FWH 2 drain to FWH 1 11 27 43 
F12 DA steam in from extraction 3 12 28 44 
F13 FWH 4 steam in from extraction 4 13 29 45 
F14 FWH 4 drain to DA 14 30 46 
F15 FWH 5 steam in from extraction 5 15 31 47 
F16 FWH 5 drain to FWH 4 16 32 48 
-- Feedwater into Boiler 1 49 -- -- 
-- Feedwater into Boiler 2 50 -- -- 
 
 
Figure 4.6: Schematic of connections between plant components.   
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The connections between the feedwater heaters, turbine, boiler feed pump and turbine, and condenser is shown 
in 678HFigure 3.11, repeated in 679HFigure 4.6 for reference.  In order to determine the flow rate through extraction 4 the flow 
rate through the boiler feed pump turbine (BFPT) must be found.  An energy balance surrounding the boiler feed 
pumps (BFP), along with the assumed boiler feed pump turbine (BFPT) efficiency, gives the work out of the BFPT.  
An energy balance around the BFPT is performed and the mass flow rate through the turbine calculated.  Mass 
balances are then taken around the turbine to determine all extraction flow rates and the exhaust flow rate.  At this 
point in the analysis, all flow rates into the condenser are known.   
4.4.1.1. 115BFeedwater Heater 5 
The schematic, labeling, and control volume used for the FWH 5 analyses are shown in 680HFigure 4.7.  The 
assumptions and available data for the analysis of FWH 5 are given in Section 681H3.4. 
 
Figure 4.7: Schematic of feedwater heater 5. 
 
The flow rate, temperature, and pressure of the feedwater to the boilers (F7) are known.  The enthalpy and entropy 
values at each location are readily found based on temperature and the saturated liquid assumption for F6, and F16, 
and based on the known temperature and pressure for F15.  The data used at location F15 are equal to those at 
extraction 5.  Mass balances around FWH 5 give Equations 682H(4.12) and 683H(4.13). 
 
ሶ݉ F଻ ൌ ሶ݉ F଺  (4.12)
 
ሶ݉ Fଵ଺ ൌ ሶ݉ Fଵହ  (4.13)
 
Simplifying the general energy balance equation (Equation 684H(4.2)) gives Equation 685H(4.14).  
 
0 ൌ ሶ݉ Fଵ଺݄Fଵ଺ ൅ ሶ݉ F଻݄F଻ െ ሺ ሶ݉ Fଵହ݄Fଵହ ൅ ሶ݉ F଺݄F଺ሻ  (4.14)
 
Combining the conservation of mass equations of Equations 686H(4.13) and 687H(4.12) to the energy balance, 
Equation 688H(4.14), gives Equation 689H(4.15). 
 
0 ൌ ሶ݉ Fଵହሺ݄Fଵ଺ െ ݄Fଵହሻ ൅ ሶ݉ F଻ሺ݄F଻ െ ݄F଺ሻ   (4.15)
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Equation 690H(4.15) may be rearranged to solve for ሶ݉ Fଵହ as shown in Equation 691H(4.16). 
 
ሶ݉ Fଵହ ൌ
ሶ݉ F଻ሺ݄F଻ െ ݄F଺ሻ
ሺ݄Fଵହ െ ݄Fଵ଺ሻ
  
 (4.16)
 
By Equation 692H(4.13) and Equation 693H(4.12), all mass flows through FWH 5 are now known.   
 
The coding for FWH 5 is shown in 694HFigure 4.8.  Also shown in the figure are two lines of code, beginning F(:,2) and 
F(:,3), which will be part of the analysis of FWH 2 and FWH 1 in Sections 695H4.4.1.4 and 696H4.4.1.5. 
 
 
Figure 4.8: Coding for FWH5 analysis.   
4.4.1.2. 116BFeedwater Heater 4 
The schematic, labeling, and control volume used for the FWH 4 analyses are shown in 697HFigure 4.9.  The 
assumptions and available data for the analysis of the feedwater heaters are given in Section 698H3.4. 
 
 
Figure 4.9: Schematic of feedwater heater 4. 
 
From the analysis around FWH 5, ሶ݉ Fଵ଺ and ሶ݉ F଺ are known.  Mass balances around FWH 4 give Equations 699H(4.17) 
and 700H(4.18). 
 
ሶ݉ F଺ ൌ ሶ݉ Fହ  (4.17)
 
ሶ݉ Fଵସ ൌ ሶ݉ Fଵ଺ ൅ ሶ݉ Fଵଷ  (4.18)
 
Simplifying the general energy balance equation around FWH 4 yields Equation 701H(4.19).  
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0 ൌ ሶ݉ F଺݄F଺ ൅ ሶ݉ Fଵସ݄Fଵସ െ ሺ ሶ݉ Fହ݄Fହ ൅ ሶ݉ Fଵଷ݄Fଵଷ ൅ ሶ݉ Fଵ଺݄Fଵ଺ሻ  (4.19)
 
Applying Equations 702H(4.17) and 703H(4.18) to Equation 704H(4.19) yields Equation 705H(4.20). 
 
0 ൌ ሶ݉ F଺ሺ݄F଺ െ ݄Fହሻ ൅ ሺ ሶ݉ Fଵ଺ ൅ ሶ݉ Fଵଷሻ݄Fଵସ െ ሺ ሶ݉ Fଵଷ݄Fଵଷ ൅ ሶ݉ Fଵ଺݄Fଵ଺ሻ  (4.20)
 
The energy balance may be rearranged further to give Equation 706H(4.21). 
 
0 ൌ ሶ݉ F଺ሺ݄F଺ െ ݄Fହሻ ൅ ሶ݉ Fଵଷሺ݄Fଵସ െ ݄Fଵଷሻ ൅ ሶ݉ Fଵ଺ሺ݄Fଵସ െ ݄Fଵ଺ሻ
 
 
(4.21)
Finally, Equation 707H(4.21) may be solved for ሶ݉ Fଵଷ as shown in Equation 708H(4.22). 
 
ሶ݉ Fଵଷ ൌ
ሶ݉ F଺ሺ݄Fହ െ ݄F଺ሻ ൅ ሶ݉ Fଵ଺ሺ݄Fଵ଺ െ ݄Fଵସሻ
ሺ݄Fଵସ െ ݄Fଵଷሻ
  
 (4.22)
 
By Equation 709H(4.17) and Equation 710H(4.18), all mass flows through FWH 4 are now known.  The code for the FWH 4 
analysis is shown in 711HFigure 4.10. 
 
 
Figure 4.10: Code for FWH 4 analysis.   
4.4.1.3. 117BDeaerator  
A similar methodology to the previous two sections was initially taken around the DA.  It was found, however, that 
due to the accumulated error inherent in any set of assumptions, conservation of mass was not met through this 
approach.  In order to make the model consistent and prevent violations of natural laws, a different approach is 
taken.  As seen in 712HFigure 4.11, a large control volume is drawn around the turbine, the DA, FWH 2, FWH 1, and the 
condenser.  The assumptions and available data for the analysis of the feedwater heaters are given in Section 713H .4. 
 
From the analysis around FWH 4, ሶ݉ Fଵଷ and ሶ݉ Fଵସ are known.  The ሶ݉ Tଶ value is found through a simple mass 
balance, shown in Equation 714H(4.23). 
 
ሶ݉ Tଶ ൌ ሶ݉ Tଶହ ൅ ሶ݉ Fଵହ  (4.23)
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ሶ݉ Tଶହ is mass flow rate of the process steam, seen in 715HFigure 4.11, which is collected as operational data.  Since the 
condensate flow (C7) and the condensate make up water (C4) are also known values, and ሶ݉ Fଷ is equal to the 
condensate flow, a mass balance around the whole control volume may be given as Equation 716H(4.24). 
 
ሶ݉ Tଵ ൅ ሶ݉ Cସ ൌ ሶ݉ ்ଶ ൅ ሶ݉ Fଵଷ ൅ ሶ݉ Fଵଶ ൅ ሶ݉ Fଷ  (4.24)
 
Equation 717H(4.25) shows Equation 718H(4.24) rearranged to solving for ሶ݉ Fଵଶ.  
 
ሶ݉ Fଵଶ ൌ ሶ݉ ்ଵ ൅ ሶ݉ Cସ െ ሶ݉ ்ଶ െ ሶ݉ Fଵଷ െ ሶ݉ Fଷ  (4.25)
 
Finally, the flow rate from the condensate drain is found by performing a separate mass balance around the DA as 
seen in Equation 719H(4.26). 
 
ሶ݉ Fସ ൌ ሶ݉ ிଵସ ൅ ሶ݉ Fଵଶ ൅ ሶ݉ Fଷ  (4.26)
 
The coding for the DA analysis is given in 720HFigure 4.12. 
 
 
Figure 4.11: Schematic of the large scale control volume used to find the steam flow into the DA. 
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Figure 4.12: Code for DA analysis.   Figure includes calculation of flow rate out of turbine extraction 5. 
4.4.1.4. 118BFeedwater Heater 2 
The schematic, labeling, and control volume used for the FWH 2 analyses are shown in 721HFigure 4.13.  The 
assumptions and available data for the analysis of the feedwater heaters are given in Section 722H3.4. 
 
 
Figure 4.13: Schematic of feedwater heater 2. 
 
Since no other streams enter or leave the condensate flow between the recorded condenser drain flow (C7), shown 
in 723HFigure 4.11, and FWH 2 condensate out (F3), shown in 724HFigure 4.5, a mass balances around FWH 2 will yield 
Equations 725H(4.27) and 726H(4.28). 
 
ሶ݉ Fଷ ൌ ሶ݉ Fଶ ൌ ሶ݉ Fଵ ൌ ሶ݉ C଻  (4.27)
 
ሶ݉ Fଵ଴ ൌ ሶ݉ Fଵଵ  (4.28)
 
Simplifying the general energy balance equation gives Equation 727H(4.29).  
 
0 ൌ ሶ݉ Fଵଵ݄Fଵଵ ൅ ሶ݉ Fଷ݄Fଷ െ ሺ ሶ݉ Fଵ଴݄Fଵ଴ ൅ ሶ݉ Fଶ݄Fଶሻ  (4.29)
 
Applying Equations 728H(4.28) and 729H(4.27) to the energy balance produces Equation 730H(4.30). 
 
0 ൌ ሶ݉ Fଵଵሺ݄Fଵଵ െ ݄Fଵ଴ሻ ൅ ሶ݉ Fଶሺ݄Fଷ െ ݄Fଶሻ   (4.30)
 
Solving for ሶ݉ Fଵ଴ in Equation 731H(4.30) gives Equation 732H(4.31). 
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ሶ݉ Fଵଵ ൌ
ሶ݉ Fଶሺ݄Fଶ െ ݄Fଷሻ
ሺ݄Fଵଵ െ ݄Fଵ଴ሻ
  
 (4.31)
 
By Equation 733H(4.28) and Equation 734H(4.27), all mass flows through FWH 2 are now known.  735HFigure 4.14 shows the 
coding used to calculate the flow rates through FWH 2. 
 
 
Figure 4.14: Code for FWH 2 analysis.  Q_FWH2 represents the FWH4 heat loss, but is set to zero for this 
analysis.    
4.4.1.5. 119BFeedwater Heater 1 
The schematic, labeling, and control volume used for the FWH 1 analyses are shown in 736HFigure 4.15.  The 
assumptions and available data for the analysis of the feedwater heaters are given in Section 737H .4. 
 
 
Figure 4.15: Schematic of feedwater heater 1. 
 
From the analysis around FWH 2, ሶ݉ Fଵଵ is known.  Mass balances around FWH 1 give Equations 738H(4.32) and 739H(4.33). 
 
ሶ݉ Fଵ ൌ ሶ݉ Fଶ  (4.32)
 
ሶ݉ Fଽ ൌ ሶ݉ Cହ ൌ ሶ݉ F଼ ൅ ሶ݉ Fଵଵ  (4.33)
 
The flow rate at C5 is the flow from FWH 1 into the condenser and is referenced in 740HFigure 4.15.  A mass balance, 
given in Equation 741H(4.34), is found by simplifying Equation 742H(4.2). 
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0 ൌ ሶ݉ Fଶ݄Fଶ ൅ ሶ݉ Fଽ݄Fଽ െ ሺ ሶ݉ Fଵ݄Fଵ ൅ ሶ݉ F଼݄F଼ ൅ ሶ݉ Fଵଵ݄Fଵଵሻ  (4.34)
 
Applying Equations 743H(4.32) and 744H(4.33) to the energy balance gives Equation 745H(4.35). 
 
0 ൌ ሶ݉ Fଶሺ݄Fଶ െ ݄Fଵሻ ൅ ሺ ሶ݉ F଼ ൅ ሶ݉ Fଵଵሻ݄Fଽ െ ሺ ሶ݉ F଼݄F଼ ൅ ሶ݉ Fଵଵ݄Fଵଵሻ  (4.35)
 
Equation 746H(4.35) is further simplified to find Equation 747H(4.36). 
 
0 ൌ ሶ݉ Fଶሺ݄Fଶ െ ݄Fଵሻ ൅ ሶ݉ F଼ሺ݄Fଽ െ ݄F଼ሻ ൅ ሶ݉ Fଵଵሺ݄Fଽ െ ݄Fଵଵሻ
 
 
(4.36)
Finally, the flow rate through F8 is found by solving Equation 748H(4.36) for ሶ݉ F଼ as shown in Equation 749H(4.37). 
 
ሶ݉ F଼ ൌ
ሶ݉ Fଶሺ݄Fଵ െ ݄Fଶሻ ൅ ሶ݉ Fଵଵሺ݄Fଵଵ െ ݄Fଽሻ
ሺ݄Fଽ െ ݄F଼ሻ
  
 (4.37)
 
By Equation 750H(4.32) and Equation 751H(4.33), all mass flows through FWH 1 are now known.  752HFigure 4.16 shows the 
code used for the FWH 1 analysis. 
 
 
Figure 4.16: Code for FWH 1 analysis.   
4.4.1.6. 120B oiler Feed Pump and Boiler Feed Pump Turbine 
In order to find the flow rate through the boiler feed pump, which is needed to determine the remaining turbine 
extraction and exhaust flow rates, both the boiler feed pump and the boiler feed pump turbine must be examined 
together.  The BFPT directly powers whichever two of the three BFP are in operation at a given time. 
 
First, an energy balance around the BFP, shown in 753HFigure 4.17(a), is performed to determine the work input.  754HFigure 
4.17 gives the BFP and BFPT schematics. 
 
Assuming no heat loss, an energy balance around the BFP yields the work into the BFP, shown in Equation 755H(4.38). 
 
െ ሶܹ BFP ൌ ሶ݉ Fସሺ݄Fହ െ ݄Fସሻ   (4.38)
 
Since the work produced through the BFPT is used directly for the BFP, the work generated by the BFPT can be 
found by applying an efficiency term, ߟ஻ி௉், to the turbine as shown in Equation 756H(4.39).  
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ሶܹ BFPT ൌ െ
ሶܹ BFP
ηBFPT
  
 
(4.39)
 
The BFPT is taken to have a heat loss of 1.39% of the work generated (see Section 757H3.4.1), so the heat loss from the 
BFPT is given in Equation 758H(4.40).   
 
ሶܳ BFPT ൌ െ0.0139  ሶܹ BFPT  (4.40)
 
An energy balance around the BFPT may be given as in Equation 759H(4.41). 
 
ሶܳ BFPT െ  ሶܹ BFPT ൌ ሶ݉ C଺ሺ݄C଺ െ ݄୶ሻ  (4.41)
 
The properties at x are taken to be the same as at turbine extraction 4 (T3 on 760HFigure 4.3) so that ݄௫ ൌ ்݄ଷ.  Solving 
for ሶ݉ C଺ yields Equation 761H(4.42). 
 
ሶ݉ C଺ ൌ
൫ ሶܳBFPT െ  ሶܹ BFPT൯
ሺ݄C଺ െ ݄Tଷሻ
 
 
(4.42)
 
The coding for the BFP and BFPT analyses are given in 762HFigure 4.18. 
 
 
(a) 
 
(b) 
Figure 4.17: (a) Boiler feed pump schematic, and (b) Boiler feed pump turbine. 
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Figure 4.18: Coding for BFP and BFPT analyses to determine the flow rate of steam through the BFPT.  The 
variable H is assigned as the heat loss percentage (H = 0.0139) throughout the code.   
4.4.1.7. 121BTurbine 
The final unknown flow rates are associated with the turbine.  The location reference numbers for the turbine are 
shown on 763HFigure 4.19.  The reference data for the operational data relevant to the turbine analysis are listed in 764HTable 
4.3.  The assumptions and available data for the turbine analysis are given in Section 765H3.2. 
 
 
Figure 4.19: Turbine Schematic with location numbers used in analyses. 
 
Table 4.3: Description of reference numbers for turbine system. 
 Matlab TM Column references 
Location 
number Description Flow Rate Temperature Pressure 
T1 Inlet 1 8 15 
T2 Extraction 1 2 9 16 
T3 Extraction 2 3 10 17 
T4 Extraction 3 4 11 18 
T5 Extraction 4 5 12 19 
T6 Extraction 5 6 13 20 
T7 Exhaust 7 14 21 
-- Generator power export 22 -- -- 
-- Boiler 1 steam flow 23 -- -- 
-- Boiler 2 steam flow 24 -- -- 
-- Process steam flow 25 -- -- 
-- Plant power export 26 -- -- 
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The remaining unknown flow rates through the turbine extraction points are found through simple conservation of 
mass principles and listed in Equations 766H(4.43) through 767H(4.48).  Refer to 768HFigure 4.3 and 769HFigure 4.19 for reference 
location numbers. 
 
Extraction 5 (found prior in Equation 770H(4.23)): 
ሶ݉ Tଶ ൌ ሶ݉ Fଵହ ൅ ሶ݉ Tଶହ  (4.43)
 
Extraction 4: 
ሶ݉ Tଷ ൌ ሶ݉ Fଵଷ ൅ ሶ݉ C଺  (4.44)
 
Extraction 3: 
ሶ݉ Tସ ൌ ሶ݉ Fଵଶ  (4.45)
 
Extraction 2: 
ሶ݉ Tହ ൌ ሶ݉ Fଵ଴  (4.46)
 
Extraction 1: 
ሶ݉ T଺ ൌ ሶ݉ F଼  (4.47)
 
Turbine Exhaust: 
ሶ݉ T଻ ൌ ሶ݉ Cଷ ൌ ሶ݉ Tଵ െ ሶ݉ Tଶ െ ሶ݉ Tଷ െ ሶ݉ Tସ െ ሶ݉ Tହ െ ሶ݉ T଺  (4.48)
  
The coding for these mass flow calculations are given in 771HFigure 4.20.  Also shown in the figure are calculations to 
fill in the condenser data matrix with relevant information from the FWH and turbine data matrices. 
 
 
Figure 4.20: Coding for remaining turbine and condenser flow rate values.   
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4.4.1.8. 122BCondenser 
The reference numbers for the condenser are shown in 772HFigure 4.21.   The corresponding reference descriptions and 
MatlabTM column references are given in 773HTable 4.4.  The assumptions and available data for the condenser analysis 
are given in Section 774H3.3.  The assumptions explain that the cooling water, which cycles between the cooling towers 
and condenser in a closed loop, is considered to be outside of the condenser control volume. 
 
 
Figure 4.21: Condenser schematic and location numbers used in analysis.  Note the cooling water is outside 
the control volume. 
 
Table 4.4: Description of reference numbers for condenser system. 
 Matlab TM Column references 
Location 
number Description Flow Rate Temperature Pressure 
C1 Cooling water from towers 1 8 15 
C2 Cooling water to towers 2 9 16 
C3 Turbine exhaust 3 10 17 
C4 Condenser makeup 4 11 18 
C5 FWH 1 drain to condenser 5 12 19 
C6 BFPT exhaust 6 13 20 
C7 Drain to condensate pump 7 14 21 
  
The flow rates into and out of the condenser have already been determined through the analyses of the feedwater 
heaters, boiler feed pump turbine, and turbine in Sections 775H4.4.1.5-776H4.4.1.7. 
4.4.2. 84BEnergy Analysis 
The main benefits of an energy analysis are to determine all relevant flow rates through the system and to set up a 
baseline for comparison between this power station and other power generation systems.  Quantifying the heat 
losses throughout the plant, the work produced or used, and energetic efficiencies will be discussed in this section. 
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4.4.2.1. 123BFeedwater Heaters 
The heat loss through each of the feedwater heaters and the deaerator are assumed to be negligible, as discussed in 
Section 777H3.4.  The efficiency of the FWH in this case is a measure of how well the energy of the steam transfers to the 
condensate.  This research assumes negligible losses, and therefore the entirety of the heat lost through the 
condensation of steam through a given FWH is transferred to the condensate.  Because of this assumption, each 
FWH will have 100% thermal efficiency. 
4.4.2.2. 124BCondenser 
The purpose of the condenser within the plant is to condense the “used” steam boilers by dissipating a great deal of 
heat to the cooling tower so that it may be passed through pumps to the boilers.  An energy balance around the 
condenser yields the heat loss into the cooling water, ሶܳ C, as seen in Equation 778H(4.49).  See 779HFigure 4.21 for reference. 
 
ሶܳ ஼ ൌ ሶ݉ ஼଻݄஼଻ െ ሺ ሶ݉ ஼ଷ݄஼ଷ ൅ ሶ݉ ஼଺݄஼଺ ൅ ሶ݉ ஼ହ݄஼ହ ൅ ሶ݉ ஼ସ݄஼ସሻ  (4.49)
 
Since there is assumed to be no heat loss from the condenser to the outside air, the magnitude of the heat transfer 
from the condenser is equal to the magnitude of the heat transfer into the cooling water,  ሶܳ C.  An energy balance 
around the cooling water may then be solved to find the mass flow rate of the cooling water.  The mass flow rate of 
the cooling water is given in Equation 780H(4.50). 
 
ሶ݉ ஼ଵ ൌ െ
ሶܳ஼
ሺ݄஼ଶ െ ݄஼ଵሻ
 
 
(4.50)
 
The code for the energy analysis for the condenser is given in 781HFigure 4.22. 
 
 
Figure 4.22: Code for condenser energy analysis. 
4.4.2.3. 125BTurbine 
There are two available options for determining the turbine power output.  One method is based on the generator 
electrical output and assumed generator efficiency, while the other is based an energy balance using the turbine inlet 
and outlet data and an assumed heat loss.  In the following derivations and equations, the use of the first method will 
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be indicated by the subscript “TI” and the use of the second method by the subscript “TII”.  If the equation applies 
to either method, the subscript “T” is used. 
 
The heat loss from the turbine has already been described in the turbine assumptions (Section 782H3.2.1) to be 1.39% of 
the turbine work production.  In the MatlabTM code, seen in 783HFigure 4.23, the heat loss percentage is given as the 
variable H.  The equation used to determine the turbine heat loss, ሶܳ ௟,், is given in Equation 784H(4.51) and applies to both 
turbine work methods. 
 
ሶܳ ௟,் ൌ െ0.0139 ሶܹ ்   (4.51)
 
Note that two heat loss values may arise depending on which turbine work value is used.  The turbine work used 
will be indicated in the subscript of the heat loss variable.  In the first method of finding the turbine work, ሶܹ ் is 
found using operational data for the generator electricity generation, ሶܹ௚௘௡, and the generator efficiency, ߟ௚௘௡.  
Equation 785H(4.52) gives the turbine work found using the first method.   
 
ሶܹ ்ூ ൌ
ሶܹ௚௘௡
ߟ௚௘௡
  
 
(4.52)
 
The second method is based on an energy balance around the turbine.  The initial steady state energy balance around 
the turbine is given in Equation 786H(4.53). 
 
ሶܳ ௟,்ூூ െ ሶܹ ்ூூ ൌ ሺ ሶ݉ ்ଶ்݄ଶ ൅ ሶ݉ ்ଷ்݄ଷ ൅ ሶ݉ ்ସ்݄ସ ൅ ሶ݉ ்ହ்݄ହ ൅ ሶ݉ ்଺்݄଺
൅ ሶ݉ ்଻்݄଻ሻ  െ ሶ݉ ்ଵ்݄ଵ 
 
(4.53)
 
The heat loss term in Equation 787H(4.53) can be replaced by Equation 788H(4.51).  The next two steps of simplification for 
the turbine energy balance are given in Equations 789H(4.54) and 790H(4.55). 
 
െ0.0139 ሶܹ ்ூூ െ ሶܹ ்ூூ
ൌ ሺ ሶ݉ ்ଶ்݄ଶ ൅ ሶ݉ ்ଷ்݄ଷ ൅ ሶ݉ ்ସ்݄ସ ൅ ሶ݉ ்ହ்݄ହ ൅ ሶ݉ ்଺்݄଺
൅ ሶ݉ ்଻்݄଻ሻ  െ ሶ݉ ்ଵ்݄ଵ 
 
(4.54)
 
െ1.0139 ሶܹ ்ூூ ൌ ሺ ሶ݉ ்ଶ்݄ଶ ൅ ሶ݉ ்ଷ்݄ଷ ൅ ሶ݉ ்ସ்݄ସ ൅ ሶ݉ ்ହ்݄ହ ൅ ሶ݉ ்଺்݄଺
൅ ሶ݉ ்଻்݄଻ሻ  െ ሶ݉ ்ଵ்݄ଵ 
 
(4.55)
 
Equation 791H(4.55) may be rearranged to solve for the turbine work as shown in Equation 792H(4.56). 
 
ሶܹ ்ூூ ൌ െሾሺ ሶ݉ ்ଶ்݄ଶ ൅ ሶ݉ ்ଷ்݄ଷ ൅ ሶ݉ ்ସ்݄ସ ൅ ሶ݉ ்ହ்݄ହ ൅ ሶ݉ ்଺்݄଺ ൅ ሶ݉ ்଻்݄଻ሻ
െ ሶ݉ ்ଵ்݄ଵሿ/1.0139 
 
(4.56)
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A value for the generator work can be estimated based on ሶܹ ்ூூ.  The generator work based on method two is given 
in Equation 793H(4.57).  
 
ሶܹ ௚௘௡,்ூூ ൌ ሶܹ ்ூூߟ௚௘௡  (4.57)
 
In order to quantify how much process heat energy is available for use, a simple energy balance around the process 
steam is performed.  In accordance with the assumptions stated in Section 794H3.2.1, the process steam is assumed to 
return to the plant at the same temperature and pressure as the condensate makeup water.  With this assumption the 
process heat is calculated using Equation 795H(4.58) with reference to 796HFigure 4.6.  The process steam properties are 
identical to those of extraction 5, so ்݄ଶହ ൌ ்݄ଶ. 
 
ሶܳ ௣௥௢௖௘௦௦ ൌ ሶ݉ ்ଶହሺ݄஼ସ െ ்݄ଶሻ  (4.58)
 
The turbine isentropic efficiency, given in Equation 797H(4.59), compares the actual turbine work to the ideal isentropic 
case.  The ideal case is called the isentropic work, ሶܹ ்,௦, given in Equation 798H(4.60).  
 
ߟ௦,் ൌ
ሶܹ ்ூூ
ሶܹ ்,௦
 
 
(4.59)
 
ሶܹ ௦,் ൌ ሶ݉ ்ଵ்݄ଵ െ ൫ ሶ݉ ்ଶ்݄ଶ,௦ ൅ ሶ݉ ்ଷ்݄ଷ,௦ ൅ ሶ݉ ்ସ்݄ସ,௦ ൅ ሶ݉ ்ହ்݄ହ,௦ ൅ ሶ݉ ்଺்݄଺,௦
൅ ሶ݉ ்଻்݄଻,௦ሻ 
 
(4.60)
 
Note that the isentropic efficiency, calculated in Equation 799H(4.60), is based on an energy balance and so ሶܹ ்ூூ is used 
in the isentropic efficiency.  The code for the turbine energy analysis, using both calculation methods, is given 
in 800HFigure 4.23. 
4.4.3. 85BExergy Analysis 
4.4.3.1. 126BFeedwater Heaters 
The most relevant exergy information about the feedwater heaters is the exergy destruction.  As an example of how 
the exergy destruction is found, an exergy balance around FWH 1 is performed.  The initial exergy balance around 
FWH 1, shown in 801HFigure 4.15, assuming steady state, is given in Equation 802H(4.61). 
 
0 ൌ ሶ݉ ி଼অி଼ ൅ ሶ݉ ிଵଵঅிଵଵ ൅ ሶ݉ ிଵঅிଵ െ ሶ݉ ிଶঅிଶ െ ሶ݉ ிଽঅிଽ െ ሶॱ ௗ,ிௐுଵ  (4.61)
 
By simply solving for the exergy destruction and applying Equation 803H(4.32), the exergy destruction for FWH 1, given 
in Equation 804H(4.62), is found. 
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 By performing an exergy balance around the rest of the feedwater heaters, the exergy destruction equations, given 
in Equations 805H(4.63) through 806H(4.66), are found. 
 
ሶॱ ௗ,ிௐுଶ ൌ ሶ݉ ிଶሺঅிଶ െ অிଷሻ ൅ ሶ݉ ிଵ଴ሺঅிଵ଴ െ অிଵଵሻ  (4.63)
 
ሶॱ ௗ,஽஺ ൌ ሶ݉ ிଵଶঅிଵଶ ൅ ሶ݉ ிଷঅிଷ ൅ ሶ݉ ிଵସঅிଵସ െ ሶ݉ ிସঅிସ  (4.64)
 
ሶॱ ௗ,ிௐுସ ൌ ሶ݉ ிଵଷঅிଵଷ ൅ ሶ݉ ிଵ଺অிଵ଺ ൅ ሶ݉ ிହሺঅிହ െ অி଺ሻ െ ሶ݉ ிଵସঅிଵସ  (4.65)
 
ሶॱ ௗ,ிௐுହ ൌ ሶ݉ ிଵହሺঅிଵହ െ অிଵ଺ሻ ൅ ሶ݉ ி଻ሺঅி଺ െ অி଻ሻ  (4.66)
 
The total exergy destroyed through the FWH is given in Equation 807H(4.67). 
 
ሶॱ ௗ,ிௐு ൌ ሶॱ ௗ,ிௐுଵ ൅ ሶॱ ௗ,ிௐுଶ ൅ ሶॱ ௗ,஽஺ ൅ ሶॱ ௗ,ிௐுସ ൅ ሶॱ ௗ,ிௐுହ  (4.67)
 
The coding for the exergy destruction through the feedwater heaters is given in 808HFigure 4.24. 
4.4.3.2. 127BCondenser 
The condenser exergy loss is based off of the condenser heat transfer to the cooling water.  The condenser exergy 
loss is approximately the same as the exergy loss through the cooling tower since the heat transferred to the cooling 
water is released to ambient.   The exergy loss from the condenser is given in Equation 809H(4.68).  The boundary 
temperature around the condenser is given as the turbine room temperature, ௕ܶ,், because both components are 
located in the same area in the plant.  The reference temperature is given as ௢ܶ. 
 
ሶॱ ௟,஼ ൌ ቆ1 െ
௢ܶ
௕ܶ,்
ቇ ሶܳ஼ 
 
(4.68)
 
A steady state exergy balance around the condenser is given in Equation 810H(4.69). 
 
0 ൌ ቆ1 െ ௢ܶ
௕ܶ,்
ቇ ሶܳ஼ ൅ ሶ݉ ஼ଷঅ஼ଷ ൅ ሶ݉ ஼ସঅ஼ସ ൅ ሶ݉ ஼ହঅ஼ହ ൅ ሶ݉ ஼଺অ஼଺ െ ሶ݉ ஼଻অ஼଻ െ ሶॱ ௗ,஼ 
 
(4.69)
Rearranging Equation 811H(4.69) to solve for exergy destroyed in the condenser, ሶॱ ௗ,஼, yields Equation 812H(4.70). 
 
ሶॱ ௗ,஼ ൌ ቆ1 െ
௢ܶ
௕ܶ,்
ቇ ሶܳ஼ ൅ ሶ݉ ஼ଷঅ஼ଷ ൅ ሶ݉ ஼ସঅ஼ସ ൅ ሶ݉ ஼ହঅ஼ହ ൅ ሶ݉ ஼଺অ஼଺ െ ሶ݉ ஼଻অ஼଻ 
 
(4.70)
 
The code for the exergy loss and exergy destruction at the condenser is given in 813HFigure 4.25. 
ሶॱ ௗ,ிௐுଵ ൌ ሶ݉ ி଼অி଼ ൅ ሶ݉ ிଵଵঅிଵଵ ൅ ሶ݉ ிଵሺঅிଵ െ অிଶሻ െ ሶ݉ ிଽঅிଽ  (4.62)
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Figure 4.23: Energy analysis for the turbine using methods one and two for calculating the turbine work.   
 
 
Figure 4.24: Exergy analysis code for the feedwater heaters. 
 
 
Figure 4.25: Code for exergy destruction at the condenser. 
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4.4.3.3. 128BTurbine 
The exergy loss from the turbine, given in Equation 814H(4.71), is based off of the turbine heat loss (Equation 815H(4.51)). 
 
ሶॱ ௟,் ൌ ቆ1 െ
௢ܶ
௕ܶ,்
ቇ ሶܳ ௟,் 
 
(4.71)
 
As with any of the systems, two methods of determining the turbine exergy destruction are available; the exergy 
destruction may be determined by rearranging an exergy balance or by multiplying the entropy production by the 
reference temperature, as seen in Equation 816H(4.9).   
 
First, the exergy balance method will be used.  Equation 817H(4.72) gives the initial steady state exergy balance around 
the turbine. 
 
0 ൌ ቆ1 െ ௢ܶ
௕ܶ,்
ቇ ሶܳ ௟,் െ ሶܹ ் ൅ ሶ݉ ்ଵ অ்ଵ
െ ሺ ሶ݉ ்ଶঅ்ଶ ൅ ሶ݉ ்ଷঅ்ଷ ൅ ሶ݉ ்ସঅ்ସ ൅ ሶ݉ ்ହঅ்ହ ൅ ሶ݉ ்଺অ்଺
൅ ሶ݉ ்଻অ்଻ሻ െ ሶॱ ௗ,் 
 
(4.72)
 
Either of the turbine work values and their corresponding heat loss values may be used and indicated in the 
subscripts.  The exergy destruction, shown in Equation 818H(4.73), is found by rearranging Equation 819H(4.72). 
 
ሶॱ ௗ,்,অ ൌ ቆ1 െ
௢ܶ
௕ܶ,்
ቇ ሶܳ ௟,் െ ሶܹ ் ൅ ሶ݉ ்ଵ অ்ଵ
െ ሺ ሶ݉ ்ଶঅ்ଶ ൅ ሶ݉ ்ଷঅ்ଷ ൅ ሶ݉ ்ସঅ்ସ ൅ ሶ݉ ்ହঅ்ହ ൅ ሶ݉ ்଺অ்଺
൅ ሶ݉ ்଻অ்଻ሻ 
 
(4.73)
 
The “অ” in the exergy destruction subscript indicates the exergy balance method was used. 
 
An entropy balance, which may be used with the either turbine energy analysis method, is given in Equation 820H(4.74). 
 
ߪሶ் ൌ ሶ݉ ்ଶݏ்ଶ ൅ ሶ݉ ்ଷݏ்ଷ ൅ ሶ݉ ்ସݏ்ସ ൅ ሶ݉ ்ହݏ்ହ ൅ ሶ݉ ்଺ݏ்଺ ൅ ሶ݉ ்଻ݏ்଻ െ ሶ݉ ்ଵ ݏ்ଵ
െ ቆ ௢ܶ
௕ܶ,்
ቇ ሶܳ ௟,் 
 
(4.74)
 
The second exergy destruction value for the turbine is given in Equation 821H(4.75). 
 
ሶॱ ௗ,் ൌ ௢ܶߪሶ்   (4.75)
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Differences in the exergy destruction methods will arise when the first method of turbine work calculation is used.  
These differences will be discussed in Chapter 6. 
 
The exegetic efficiency of the turbine, given in Equation 822H(4.76), compares the change in flow exergy from the inlet 
to the outlet of the turbine to the work produced.   The exergetic efficiency may be calculated using either turbine 
work method. 
 
ߝ் ൌ
ሶܹ ்
ሶ݉ ்ଵঅ்ଵ െ ሶ݉ ்଻অ்଻
 
 
(4.76)
 
Another important aspect of the turbine system is the process steam.  The exergy of the process steam is found by 
performing a simple exergy balance around the process steam.  The exergy of the process steam is given in 
Equation 823H(4.77).  Since the process steam exits with the same properties as extraction 5, অ௙,்ଶହ ൌ অ௙,்ଶ. 
 
ሶॱ ௣௥௢௖௘௦௦ ൌ ሶ݉ ்ଶହ൫অ௙,஼ସ െ অ௙,்ଶ൯  (4.77)
 
The coding for the process steam exergy is shown in 824HFigure 4.26 (a).  The exergy analysis using the first turbine 
work method is shown in 825HFigure 4.26 (b).  The exergy analysis using the second method of turbine work is shown 
in 826HFigure 4.26 (c). 
4.5. 42B oiler Subsystem 
The boiler analysis is the most complicated of the sub-systems.  The chemical reactions occurring within the boiler 
make the system much more variable and unpredictable than other systems.  In order to best model the boiler, three 
separate thermodynamic models are employed, each with an increasing level of complexity.  The assumptions, a 
discussion of the boiler models, and available data for the boiler analysis are discussed in Section 827H3.5.  
 
A boiler schematic with reference number tags is shown in 828HFigure 4.27.  The figure shows assumed directions for 
the useful heat transfer, ሶܳ ௨, and the heat loss, ሶܳ ௟,஻.  The MatlabTM references are listed in 829HTable 4.5.   
 
Although the boiler system has 17 entry or exit points, many of the locations are separate feeds for the same material 
at the same temperature and pressure.  Because there are so many repeats in the thermodynamic properties, a 
separate system, summarized in 830HTable 4.6, is used to organize the thermodynamic properties for the boiler 
system.  831HTable 4.6 gives the stream type, the location reference numbers which use that particular stream, and the 
corresponding MatlabTM column in which the data is stored.  Finally, a separate array, shown in Table 4.5, system is 
made to contain the enthalpy of formation, chemical exergy, molar mass, and specific heat for the culm and flue gas 
species. 
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(a) 
 
(b) 
 
(c) 
Figure 4.26: Coding for the exergy analysis of the turbine.  (a) The process exergy and (b) the exergy analyses 
using the energy calculations based on the generator data (method I) and (c) the energy calculations based on 
a turbine energy balance (method II). 
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Figure 4.27: Schematic of boiler with reference numbers and assumed heat transfer directions. 
 
Table 4.5: Description of reference numbers for boiler system. 
  Matlab TM Column references 
Location 
number Description Flow Rate Temperature Pressure 
B1 Feedwater in 1 18 35 
B2 Superheated steam out 2 19 36 
B3 Spray water 3 20 37 
B4 Culm feed 1 4 21 38 
B5 Culm feed 2 5 22 39 
B6 Limestone feed 1 6 23 40 
B7 Limestone feed 2 7 24 41 
B8 Bottom ash 8 25 42 
B9 Fly ash 9 26 43 
B10 Flue gas 10 27 44 
B11 Primary air 1 11 28 45 
B12 Primary air 2 12 29 46 
B13 Duct burner air 1 13 30 47 
B14 Duct burner air 2 14 31 48 
B15 Duct burner air 3 15 32 49 
B16 Secondary air 1 16 33 50 
B17 Secondary air 2 17 34 51 
 
 
B1+B3
Feedwater
& spray water
B2
Superheated 
steam
B4+B5
Two culm feeds
B6+B7
Two limestone 
feeds
B8
Bottom ash
B9+B10
Fly ash & flue 
gas
B11+B12
Two primary 
air streams
B13+B14+B15
Three duct burner 
air streams 
B16+B17
Two secondary air
streams
BlQ ,&
uQ&
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Table 4.6: Description of reference numbers for boiler system enthalpy, entropy, and exergy arrays. 
Location Location numbers included Matlab 
TM Column
references 
Feedwater in B1 1 
Superheated steam out B2 2 
Bottom ash B8 3 
Fly ash B9 4 
Flue gas B10 5 
Primary air B11+B12 6 
Secondary and duct burner air B13+ B14+ B15+ B16+ B17 7 
 
Table 4.7: Description of reference numbers for boiler system chemical species. 
Where species 
is found Species 
Chemical
symbol 
Matlab TM Column
reference 
Culm 
Moisture H2O 1 
Ash N/A 2 
Carbon C 3 
Hydrogen H 4 
Nitrogen N 5 
Sulfur S 6 
Oxygen O 7 
Limestone Calcium carbonate CaCO3 8 
Boiler Calcium oxide CaO 9 
Air into boiler 
and flue gas 
Oxygen O2 10 
Nitrogen N2 11 
Flue gas 
Carbon dioxide CO2 12 
Water (g) H2O 13 
Sulfur dioxide SO2 14 
Mixed with ash Calcium sulfate CaSO4 15 
Flue gas Nitrogen oxide NO 16 
4.5.1.1. 129BCalculating Culm Exergy 
Because culm is not a widely used fuel source, there is insufficient data available in literature regarding either its 
energy or chemical exergy content.  Because of this, it is necessary to calculate the exergy of culm based on the 
ultimate analysis (UA) data provided by the power station, seen in 832HTable 2.1.   Because the same chemical reference 
environment will be used throughout each of the boiler models, the same chemical exergy values for culm can be 
used for each model. 
 
Bilgen and Kaygusuz [54F 5] determine the exergy content of coal based fuels based on the higher heating value 
(HHV) of the fuel.  The higher heating value is, in turn, determined based on the ultimate and proximate analyses of 
the fuel.  As discussed in Section 833H .5.1, the HHV is used instead of the LHV despite the fact that any water after 
combustion is a vapor because the exergy represents the maximum possible energy potential of the fuel.   The 
chemical exergy is based on three values: the chemical exergy of dry and ash freed (DAF) culm, which is found 
using the HHV, the chemical exergy of the moisture in the culm, and the chemical exergy of the ash within the 
culm.  Each of these components must be determined before the total chemical exergy can be known.   
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The basic equation for the chemical exergy of a fuel, অഥ௙௨௘௟஼ு , is given by Bilgen by subtracting the difference between 
the chemical potential, that is to say, the chemical exergy, of the products and the reactants using the molar Gibbs 
function of the fuel.  A line over a given variable indicates the value is on a molar basis.  Equation 834H(4.78) shows the 
general form of this procedure. 
 
অഥ௙௨௘௟
஼ு ൌ ҧ݃௙௨௘௟ሺ ௢ܶ, ݌௢ሻ െ ൭෍ݒ௉অഥ௣
௉
െ෍ݒோঅഥோ
ோ
൱ 
 
(4.78)
 
In Equation 835H(4.78), the Gibbs function on a molar basis is given as ҧ݃, the variable ݒ represents the coefficient of a 
given substance within a chemical reaction, the subscript P indicates a produce, the subscript R indicates a reactant.  
The Gibbs function may also be expressed as the difference between the molar enthalpy and the temperature 
multiplied by the molar entropy.  Since the enthalpy of a fuel is the energy stored in the fuel, and the HHV of the 
fuel is the energy released during combustion, ܪܪܸതതതതതത௙௨௘௟ ൌ ݄௙௨௘௟.  Equation 836H(4.78) may be expanded to 
Equation 837H(4.79). 
 
অഥ௙௨௘௟
஼ு ൌ ܪܪܸതതതതതത௙௨௘௟ሺ ௢ܶ, ݌௢ሻ െ ௢ܶ ൥ݏҧ௙௨௘௟ ൅෍ݒ௉ݏҧ௣
௉
െ෍ݒோݏҧோ
ோ
൩
െ ൭෍ݒ௉অഥ௉஼ு
௉
െ෍ݒோঅഥோ஼ு
ோ
൱ 
 
(4.79)
 
The general culm combustion reaction includes the culm composition, based on the ultimate analyses, reactants, and 
the resulting products of combustion.  A general form of the combustion reaction is given in Equation 838H(4.80). 
 
෍ ݒ݅,ܿݑ݈݉ሺܷܣሻ݅,ܦܣܨ
# ௖௢௠௣௢௡௘௡௧௦
௜ୀଵ
൅ ෍ ݒܴܴ݆
# ௥௘௔௖௧௔௡௧௦
௝ୀଵ
՜ ෍ ݒ݌
# ௣௥௢ௗ௨௖௧௦
௞ୀଵ
ܲ݇ 
 
(4.80)
 
In Equation 839H(4.80), (UA) represents the percentage of each component of culm from the ultimate analysis.  The 
reaction given in Equation 840H(4.80) is on a dry and ash free basis (DAF), so the culm composition components should 
exclude moisture and ash.  The culm components that will be included are carbon (subscript C), hydrogen (subscript 
H), oxygen (subscript O), nitrogen (subscript N), and sulfur (subscript S).  Since all of the ultimate analysis results 
include ash, the DAF fractions need to be calculated.  Equation 841H(4.81) [55F 6] shows how to calculate the DAF culm 
composition fraction for a general culm component (subscript i).   
 
ሺܷܣሻ௜,஽஺ி ൌ  
ሺܷܣሻ௜,ௗ௥௬
ሺ100 െ ሺܷܣሻ௔௦௛,ௗ௥௬ሻ/100
 
 
(4.81)
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In order to determine the coefficient of each culm component, the DAF fraction of the component is divided by its 
molar mass to convert the coefficients from a mass basis to a molar basis.   ݒi is represented on a fractional, not a 
percentage, basis, so it is also divided by 100 as seen in Equation 842H(4.82).  ݒ has units of kmol/kg.   
 
ݒ௜,௖௨௟௠ ൌ
ሺܷܣሻ௜,஽஺ி
100ܯ௜
 
 
(4.82)
 
The MatlabTM code for the DAF fraction of the culm components and for the culm coefficients are found using for 
loops as shown in 843HFigure 4.28. 
 
 
Figure 4.28: Coding for ultimate analysis on dry and ash free (DAF) basis and the culm coefficients.  
 
When Equation 844H(4.80) through Equation 845H(4.82) are combined, Reaction 846H(4.83) is found.  The nitrogen that would 
otherwise be included with the oxygen in air is excluded since it does not take part in the combustion reactions 
themselves.    
 
൫ݒ஼,௖௨௟௠ܥ ൅ ݒு,௖௨௟௠ܪ ൅ ݒை,௖௨௟௠ܱ ൅ ݒே,௖௨௟௠ܰ ൅ ݒௌ,௖௨௟௠ܵ൯஽஺ிᇣᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇤᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇥ
௖௨௟௠ ௖௢௠௣௢௡௘௡௧௦
൅ ݒைమܱଶ
՜ ݒ஼ைమܥܱଶ ൅ ݒுమைܪଶܱ ൅ ݒௌைమܱܵଶ ൅ ݒேమ ଶܰ 
 
(4.83)
 
The culm component coefficients given in Equation 847H(4.83) are found using Equation 848H(4.82).  Since atoms are not 
destroyed in the boiler, the same number of each type coming into the boiler must equal the number coming out.  
The atoms may be rearranged, but they are not fundamentally changed.  Using the logic outlined in Section 849H3.5.2.3, 
the remaining stoichiometric coefficients in Reaction 850H(4.83) are found.  The values of the coefficients are listed in 
Equation 851H(4.84) through Equation 852H(4.88). 
 
ݒைమ ൌ ݒ஼,௖௨௟௠ ൅
1
4
ݒு,௖௨௟௠ ൅ ݒௌ,௖௨௟௠ െ
1
2
ݒை,௖௨௟௠ 
 (4.84)
 
ݒேమ ൌ  
1
2
ݒே,௖௨௟௠ 
 (4.85)
 
ݒ஼ைమ ൌ  ݒ஼,௖௨௟௠   (4.86)
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ݒௌைమ ൌ  ݒௌ,௖௨௟௠   (4.87)
 
ݒுమைሺ௚ሻ ൌ
1
2
ݒு,௖௨௟௠ 
 (4.88)
 
The MatlabTM code for Equations 853H(4.84)-854H(4.88) are given in 855HFigure 4.29. 
 
 
Figure 4.29: Code for calculation of stoichiometric coefficients for the combustion reaction given in 
Reaction 856H(4.83). 
 
In accordance with the analysis by Bilgen, after the reaction coefficients are found, the HHV of culm on a DAF 
basis is calculated using Equation 857H(4.89).  Equation 858H(4.89) is an expression originally developed by Janka and 
Malhotra [56F 7] that relates fuel composition to the heating value.  The resulting HHV is in kJ/kg. 
  
ܪܪܸܦܣܨ ൌ ቈ
152190ሺܷܣሻு,஽஺ி
100
൅ 98767቉ ቈቆ
ሺܷܣሻ஼,஽஺ி
300
ቇ ൅
ሺܷܣሻு,஽஺ி
100
െ
ሺܷܣሻை,஽஺ி െ ሺܷܣሻௌ,஽஺ி
800
቉ 
 
(4.89)
 
The ሺܷܣሻு,஽஺ி, ሺܷܣሻ஼,஽஺ி, ሺܷܣሻை,஽஺ி, and ሺܷܣሻௌ,஽஺ி values are found using Equation 859H(4.81) and do not have 
units.  It is also possible to calculate the absolute entropy for culm on a DAF basis using Equation 860H(4.90), which was 
also developed by Janka and Malhotra [861H57]. 
 
ݏ஽஺ி ൌ ݒ஼,௖௨௟௠ ቈ37.1653 െ 31.4767݁
ି଴.ହ଺ସ଺଼ଶ൬ ௩ಹ௩಴ା௩ಿ
൰
೎ೠ೗೘
൅ 20.1145  ൬
ݒை
ݒ஼ ൅ ݒே
൰
௖௨௟௠
൅ 54.3111  ൬
ݒே
ݒ஼ ൅ ݒே
൰
௖௨௟௠
൅  44.6712  ൬
ݒௌ
ݒ௖ ൅ ݒே
൰
௖௨௟௠
቉ 
 
(4.90)
 
The chemical exergy on a DAF basis may be determined by substituting Equations 862H(4.89) and 863H(4.90) into 
Equation 864H(4.79) as shown in Equation 865H(4.91). 
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অതܦܣܨ
ܥܪ ൌ ܪܪܸܦܣܨ െ ܶ݋ൣݏܦܣܨ ൅ ݒܱ2ݏҧܱ2 െ  ݏҧܰ2ݒܰ2 െ ݒܥܱ2ݏҧܥܱ2 െ ݒܪ2ܱݏҧܪ2ܱ
െ ݒܱܵ2ݏҧܱܵ2ሿ
൅   ൣݒܥܱ2অതܥܱ2
ܥܪ ൅ ݒܪ2ܱঅതܪ2ܱ
ܥܪ ൅ ݒܱܵ2অതܱܵ2
ܥܪ ൅ অതܰ2
ܥܪݒܰ2 െ ݒܱ2অതܱ2
ܥܪ൧ 
 
(4.91)
 
Finally, the total chemical exergy of the culm, shown in Equation 866H(4.92), is calculated.  There are three components 
of the total chemical exergy of culm: the chemical exergy on a DAF basis, given in Equation 867H(4.91), the chemical 
exergy of the moisture in the culm, and the chemical exergy of the ash in the culm.  The chemical exergy of liquid 
water, which is the state of the moisture in culm as it enters the boiler, can be found in look up tables [868H40].  Since 
ash is assumed to be inert through the combustion process, the chemical exergy of ash is zero.  The total culm 
exergy is given in Equation 869H(4.92) where the as-received (AR) ultimate analysis data is used. 
 
অഥ௖௨௟௠
஼ு ൌ
100 െ ሺܷܣሻுమைሺ௟ሻ,஺ோ െ ሺܷܣሻ஺௦௛,஺ோ
100
· অഥ஽஺ி ൅
ሺܷܣሻுమைሺ௟ሻ,஺ோ
ܯுమை
· অഥுమைሺ௟ሻ
஼ு
൅ ሺ ஺ܺሻ஺ோঅഥ஺௦௛
஼ுᇣᇧᇧᇤᇧᇧᇥ
ୀ଴
 
 
(4.92)
 
Simplified, Equation 870H(4.92) becomes Equation 871H(4.93). 
 
অഥ௖௨௟௠
஼ு ൌ
100 െ ሺܷܣሻுమைሺ௟ሻ,஺ோ െ ሺܷܣሻ஺௦௛,஺ோ
100
· অഥ஽஺ி ൅
ሺܷܣሻுమைሺ௟ሻ,஺ோ
100ܯுమை
· অഥுమைሺ௟ሻ
஼ு  
 
(4.93)
 
The chemical exergy described by Equation 872H(4.93) can be used during the exergy analysis for both boiler models.  
The code for the calculations of the culm HHV, entropy, DAF chemical exergy, and final chemical exergy are 
shown in 873HFigure 4.30. 
4.5.1.2. 130BAsh Thermodynamic Properties 
The enthalpy of ash may be calculated using in Btu/lb based on the ash temperature in degree Fahrenheit [57F 8] as 
seen in Equation 874H(4.94).  The relationship between the enthalpy and temperature, the effects of pressure being 
negligible, for ash are described in the authoritative book on steam systems “Steam” [875H27]. 
 
݄஺ ൌ ൜
7.735829 · 10ିହ · ܶଶ ൅ 0.1702036 · ܶ െ 13.36106, ܶ ൏ 500
2.408712 · 10ିହ · ܶଶ ൅ 0.2358873 · ܶ െ 32.88512, ܶ ൒ 500
  (4.94)
 
The enthalpy may easily be converted to kJ/kg by dividing the calculated enthalpy by 0.42992.   
 
The chemical exergy of ash is taken as zero since it’s assumed to be inert.  The exergy of the ash is then taken to be 
the flow exergy.  The chemical exergy of other products of combustion that exit the boiler through the ash are added 
to the ash exergy separately. 
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The code for the ash thermodynamic properties is given in 876HFigure 4.31.  The properties are calculated separately for 
the fly ash and the bottom ash because each ash stream leaves the boiler at a different location and temperature.  An 
“if loop” is used in order to make the calculation for each time set of data (each row).  The original operational data 
(matrix b1) is used since the temperatures it contains are already in degrees Fahrenheit, which are required for 
Equation (4.94).  Note that 176 is added to the temperature in the fly ash calculations.  This is in accordance with the 
increased flue gas temperature assumption given in Section 877H3.5.1. 
4.5.1.3. 131BMass Balance using Extent of Reaction 
 A mass balance of the components entering and exiting the boiler is performed in order to help quantify the 
emissions and to determine the composition of the flue gas.  The composition is then used to determine the chemical 
exergy of the flue gas, which is essential for the boiler thermodynamic models.  Since the mass exiting the boiler 
(flue gas and ash) is equal to the mass entering the boiler (fuel and air), as known by the conservation of mass 
principle, the flue gas mass flow rate is given as in Equation 878H(4.95). 
 
ሶ݉ ிீ ൌ ሶ݉ ௖௨௟௠ ൅ ሶ݉ ௔௜௥ െ ሶ݉ ௔௦௛  (4.95)
 
Note that the mass of the flue gas does not include the fly ash, even though they leave the boiler through the same 
exit.  In order to determine the mass of each product of the combustion reactions, the extent of reaction method is 
used.  The amount and type of each molecule entering the boiler do not equate to those leaving the boiler because of 
the chemical reactions that occur.  The extent of reaction approach accounts for the amount of each molecule 
entering and exiting the boiler, as well as the generation or destruction of each type of molecule due to the chemical 
reactions.  The extent of reaction, ॿሶ , is used to connect the generation or destruction of a given compound to each 
relevant reaction.  The extent of reaction method is particularly helpful when a series of reactions occur, as they do 
with boiler models BI and BII.  
 
The general form of a molar balance using extent of reactions is given in Equation 879H(4.96). 
 
݀݊௜
݀ݐ
ൌ ሶ݊ ௜,௜௡ െ ሶ݊ ௜,௢௨௧ ൅ ෍ ݒ௜,௝ ॿሶ ௝ 
# ௥௫௡௦
௝ୀଵ
 
 
(4.96)
 
In Equation 880H(4.96), the subscript i represents a given compound (reactant or product), j represents a given reaction, ሶ݊  
is the molar flow rate and ݒ௜,௝ is the coefficient for a given compound in a given equation.  When the coefficients are 
put into Equation 881H(4.96) they are given a positive sign if they are a product of the reaction and a negative sign if they 
are a reactant.  One molar balance is generated for each unique compound in a set of reactions and one extent of 
reaction variable exists for each reaction.   
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Figure 4.30: Code for calculations of the DAF HHV, entropy, and exergy for culm as well as the final culm 
exergy value.   
 
 
Figure 4.31: Code for calculation of bottom and fly ash thermodynamic properties.   
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To demonstrate the extent of reaction method the analysis is performed on boiler model BI.  The reactions given in 
Equations 882H(3.2) to 883H(3.6) from Section 884H3.5.2.1 are repeated here for reference.  The only change from the original 
reactions is that the excess air value, λ, has been set to 20%.   
 
ܥ ൅ 1.2ሺܱଶ ൅  3.76 ଶܰሻ ՜ ܥܱଶ ൅ 0.2ܱଶ ൅  4.512 ଶܰ  (4.97)
 
ܪ ൅ 1.2ሺܱଶ ൅  3.76 ଶܰሻ ՜
1
2
ܪଶܱ ൅ 0.95ܱଶ ൅  4.512 ଶܰ 
 (4.98)
 
ܵ ൅ 1.2ሺܱଶ ൅  3.76 ଶܰሻ ՜ ܱܵଶ ൅  0.2ܱଶ ൅  4.512 ଶܰ  (4.99)
 
ܥܽܥܱଷ ՜ ܥܱܽ ൅ ܥܱଶ  (4.100)
 
ܥܱܽ ൅ ܱܵଶ ൅ 1.2ሺܱଶ ൅ 3.76 ଶܰሻ ՜  ܥܽܵ ସܱ ൅  0.7ܱଶ ൅ 4.512 ଶܰ  (4.101)
 
2ܰ ՜ ଶܰ  (4.102)
 
2ܱ ՜ ܱଶ  (4.103)
 
In model BI there are seven reactions, which mean that seven extent of reaction values will arise.  There are thirteen 
unique compounds within the seven reactions.  Of the compounds, the flow rates of the culm components are known 
from the culm flow rate and the ultimate analysis data.  The flow rate of the air entering the boiler and the limestone 
(CaCO3) are known from the operational data.  The total flows of air flow, culm flow, and limestone flow may be 
found for each boiler using Equations 885H(4.104)-886H(4.106). 
 
ሶ݉ ௔௜௥ ൌ ሶ݉ ௉஺ ൅ ሶ݉ ௌ஺ ൅ ሶ݉ ஽௨௖௧ ௔௜௥   (4.104)
 
ሶ݉ ௖௨௟௠ ൌ ሶ݉ ௖௨௟௠ ଵ ൅ ሶ݉ ௖௨௟௠ ଶ  (4.105)
 
ሶ݉ ௟௜௠௘ ൌ ሶ݉ ௟௜௠௘ ଵ ൅ ሶ݉ ௟௜௠௘ ଶ  (4.106)
 
From the known mass flow rates, the molar flow rates of O2, N2, and the culm components may also be found.  The 
molar flow rates for the air components, seen in Equations 887H(4.107) and 888H(4.108), are found based on the total inflow 
of air. 
 
ሶ݊ ைమ,௜௡ ൌ
0.21 ሶ݉ ௔௜௥
ܯைమ
   (4.107)
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ሶ݊ ேమ,௜௡ ൌ
0.79 ሶ݉ ௔௜௥
ܯேమ
  (4.108)
 
The molar flow rates for the culm components are given in Equations 889H(4.110) to 890H(4.116).  The molar flow rates are 
found by dividing the mass flow rate of a component by the molar mass of the component.  The mass flow rate is 
found by multiplying the culm mass flow rate by K where K is given in Equation 891H(4.109).  Note that there is not 
molar flow rate for the ash because ash composition is unknown.  
 
ܭ௜ ൌ
ሺܷܣሻ஺ோ,௜
100
 
 (4.109)
 
ሶ݊ ுమை,௜௡ ൌ
ܭுమை ሶ݉ ௖௨௟௠
ܯுమை
 
 
(4.110)
 
ሶ݉ ஺௦௛,௜௡ ൌ ܭ஺௦௛ ሶ݉ ௖௨௟௠  (4.111)
 
ሶ݊ ஼,௜௡ ൌ
ܭ஼ ሶ݉ ௖௨௟௠
ܯ஼
 
 (4.112)
 
ሶ݊ ு,௜௡ ൌ
ܭு ሶ݉ ௖௨௟௠
ܯு
  (4.113)
 
ሶ݊ ே,௜௡ ൌ
ܭே ሶ݉ ௖௨௟௠
ܯே
  (4.114)
 
ሶ݊ ௌ,௜௡ ൌ
ܭௌ ሶ݉ ௖௨௟௠
ܯௌ
 
 (4.115)
 
ሶ݊ ை,௜௡ ൌ
ܭை ሶ݉ ௖௨௟௠
ܯை
 
 (4.116)
 
The molar flow rate of limestone into the boiler, Equation 892H(4.117), is based on the mass flow rate of limestone. 
 
ሶ݊ ஼௔஼ைయ,௜௡ ൌ
ሶ݉ ௟௜௠௘
ܯ௡ሶ಴ೌ಴ೀయ,೔೙
 
 
(4.117)
 
Equation 893H(4.118) gives the estimated exiting molar flow rate of the emission NO based on the molar flow rate of 
nitrogen into the boiler and the CEMS data.   
 
ሶ݊ ேை,௢௨௧ ൌ 0.013 ሶ݊ே,௜௡  (4.118)
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Since only model BII takes NO into account, Equation 894H(4.118) is calculated only when model BII is chosen.   
 
The coding for Equations 895H(4.109)- 896H(4.117) is given in 897HFigure 4.32.  The values of K and the molar flow rates of the 
culm components are determined using “if loops”, as shown in the code.  The coding for the NO molar flow rate is 
seen in 898HFigure 4.33. 
 
 
Figure 4.32: Code for determining inflows of materials into boilers.   
 
 
Figure 4.33: Code for calculating molar flow rate of NO leaving the boiler.  Note that this value is only 
calculated when model BII is selected. 
 
In order to determine the remaining flow rates out of the boiler, Equation 899H(4.96) at steady state is applied to each 
compound for which a flow rate is known.  The resulting molar balances are shown in Equations 900H(4.119)-901H(4.125).  
The underlined terms in the equations are set to zero since each of the compounds are used completely or, in the 
case of NO, there is no flow of the compound into the boiler.   Each of the culm components and the limestone 
inflow are converted completely for model BI, so each of the molar flow rates out are set to zero.  The compounds 
that are generated within the boiler have molar flow rates entering the boiler set to zero.  CaO is generated in the 
boiler, but also converted completely, and so both the molar flows in and out are set to zero.   
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Carbon: 
0 ൌ ሶ݊஼,௜௡ െ ሶ݊ ஼,௢௨௧ െ ॿሶ ଵ   (4.119)
 
Hydrogen: 
0 ൌ ሶ݊ு,௜௡ െ ሶ݊ு,௢௨௧ െ ॿሶ ଶ   (4.120)
 
Sulfur: 
0 ൌ ሶ݊ௌ,௜௡ െ ሶ݊ௌ,௢௨௧ െ ॿሶ ଷ   (4.121)
 
Limestone: 
0 ൌ ሶ݊஼௔஼ைయ,௜௡ െ ሶ݊ ஼௔஼ைయ,௢௨௧ െ ॿሶ ସ  (4.122)
 
Calcium oxide: 
0 ൌ ሶ݊ௌ,௜௡ െ ሶ݊ௌ,௢௨௧ െ ॿሶ ହ ൅ ॿሶ ସ  (4.123)
 
Nitrogen: 
0 ൌ ሶ݊ே,௜௡ െ ሶ݊ே,௢௨௧ െ ॿሶ ଺   (4.124)
 
Oxygen: 
0 ൌ ሶ݊ை,௜௡ െ ሶ݊ை,௢௨௧ െ ॿሶ ଻   (4.125)
 
It is observed that each of the molar balance equations has one known and one unknown variables.  Each of the 
equations may be solved for the unknown extent of reaction values.  A list of the extent of reaction values for 
models BI and BII are given in 902HTable 4.8.   
 
Table 4.8: Summary of extents of reactions for all boiler models 
Extent of Reaction BI BII 
ॿሶ ଵ ሶ݊ ஼,௜௡ ሶ݊ ஼,௜௡ 
ॿሶ ଶ ሶ݊ ு,௜௡ ሶ݊ ு,௜௡ 
ॿሶ ଷ ሶ݊ ௌ,௜௡ ሶ݊ ௌ,௜௡ 
ॿሶ ସ ሶ݊ ஼௔஼ைయ,௜௡ ሶ݊ ஼௔஼ைయ,௜௡ 
ॿሶ ହ ॿሶ ସ ॿሶ ସ 
ॿሶ ଺ 0.5 ሶ݊ே,௜௡ ሶ݊ ேை,௢௨௧ 
ॿሶ ଻ 0.5 ሶ݊ை,௜௡ 
ሶ݊ ே,௜௡ െ ॿሶ ଺
2
 
ॿሶ ଼ -- 
ሶ݊ ை,௜௡
2
 
 
903HFigure 4.34 shows the code for determining the extent of reaction values for models BI (904HFigure 4.34(a)) and BII 
(905HFigure 4.34(b)). 
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(a) 
 
(b) 
Figure 4.34: The extent of reaction variables for (a) model BI and (b) model BII. 
 
Once the extents of reactions are known, the unknown molar flows may be determined by substituting known values 
into Equation 906H(4.96).  As an example, the unknown molar flow of CO2 for model BI is found.  A steady state molar 
balance for CO2 is generated in Equation 907H(4.126). 
 
0 ൌ ሶ݊஼ைమ,௜௡ െ ሶ݊ ஼ைమ,௢௨௧ ൅ ॿሶ ଵ ൅ ॿሶ ସ   (4.126)
 
Once again, the underlined equation is set to zero since there is no flow of CO2 into the boiler.  Solving for the 
molar flow of CO2 out of the boiler gives Equation 908H(4.127). 
 
ሶ݊ ஼ைమ,௢௨௧ ൌ ॿሶ ଵ ൅ ॿሶ ସ   (4.127)
 
A similar procedure is followed for each compound in each model.  In the case of model BII, the level of NO out of 
the boiler is estimated based on the CEMS data.  Table 4.9 lists the equations for each of the exiting molar flow rates 
for models BI and BII.  The MatlabTM code for the equations listed in Table 4.9 is shown in 909HFigure 4.35. 
 
The mass flow of each combustion product is found by substituting the appropriate extent of reaction values 
from 910HTable 4.8 into the molar flows listed in Table 4.9 and converting them to a mass basis.  When the known molar 
flow rates are applied, all unknown mass flow rates may be found.  As an example: if the molar flow rate of the O2 
produced through the reaction model BII is desired, the appropriate molar flow listing from Table 4.9 is taken, as 
shown in Equation (4.128). 
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Table 4.9: Summary of molar mass flows out of the boiler for each boiler model. 
Molar 
flow out BI BII 
ሶ݊ ைమ ሶ݊ ைమ,௜௡ ൅ ॿሶ ଻ െ ॿሶ ଵ െ  0.25ॿሶ ଶ െ ॿሶ ଷ െ 0.5ॿሶ ହ 
ሶ݊ ைమ,௜௡ െ ሺ1 െ ݎሻॿሶ ଵ െ  0.25ॿሶ ଶ െ ॿሶ ଷ
െ 0.5൫ॿሶ ହ ൅ ॿሶ ଺൯ ൅ ॿሶ ଼ 
ሶ݊ ேమ ሶ݊ ேమ,௜௡ ൅ ॿሶ ଺ ሶ݊ ேమ,௜௡ ൅ ॿሶ ଻ 
ሶ݊ ஼ைమ ॿሶ ଵ ൅ ॿሶ ସ ሺ1 െ ݎሻॿሶ ଵ ൅ ॿሶ ସ 
ሶ݊ ுమை ሶ݊ ுమை,௜௡ ൅ 0.5ॿሶ ଶ ሶ݊ ுమை,௜௡ ൅ 0.5ॿሶ ଶ 
ሶ݊ ௌைమ ॿሶ ଷ െ ॿሶ ହ ॿሶ ଷ െ ॿሶ ହ 
ሶ݊ ஼௔ௌைర ॿሶ ହ ॿሶ ହ 
ሶ݊ ஼ 0 ݎ ሶ݊ ஼,௜௡ 
 
 
(a) 
 
(b) 
Figure 4.35: Code for calculating the remaining molar flow rates for models (a) BI and (b) BII. 
 
ሶ݊ ைమ,௢௨௧ ൌ ሶ݊ைమ,௜௡ െ ሺ1 െ ݎሻॿሶ ଵ െ 0.25ॿሶ ଶ െ ॿሶ ଷ െ 0.5ॿሶ ହ െ ॿሶ ଼  (4.128)
 
The appropriate extent of reaction values from 911HTable 4.8 are inserted into Equation (4.128) to yield Equation 
(4.129). 
 
ሶ݊ ைమ,௢௨௧ ൌ ሶ݊ைమ,௜௡ െ ሺ1 െ ݎሻ ሶ݊ ஼,௜௡ െ  0.25 ሶ݊ு,௜௡ െ ሶ݊ௌ,௜௡ െ 0.5ॿሶ ସ െ
ሶ݊ை,௜௡ െ ॿሶ ଺
2
 
 (4.129)
 
In this case two more extent of reaction values are required from Table 4.8 to give Equation (4.130). 
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ሶ݊ ைమ,௢௨௧ ൌ ሶ݊ைమ,௜௡ െ ሺ1 െ ݎሻ ሶ݊ ஼,௜௡ െ  0.25 ሶ݊ு,௜௡ െ ሶ݊ௌ,௜௡ െ 0.5 ሶ݊ ஼௔஼ைయ,௜௡
െ
ሶ݊ை,௜௡ െ ሶ݊ேை,௢௨௧
2
 
 
(4.130)
 
Each of the molar flows on the left hand side of the equation are known, and so the molar flow rate of O2 out of the 
boiler may be found. 
 
As the final step in the mass balance analysis, the molar flow rates are converted into mass flow rates using the 
relationship given in Equation 912H(4.131).   
 
ሶ݉ ௜ ൌ ሶ݊ ௜ܯ௜  (4.131)
 
The total mass flow of each stream of ash is one half of the total inflow of ash.  Finally, the flue gas is found by 
summing the mass flow rates of all the exiting gases.  The MatlabTM code for the final molar to mass conversions is 
given in 913HFigure 4.36. 
 
 
Figure 4.36: Code for converting molar flow rates to mass flow rates. 
4.5.1.4. 132BFlue Gas Thermodynamic Properties 
As described by Coskun et al. [914H53], the specific heat for flue gas may be determined based on the specific heat of its 
components.  Both boiler models assume an ideal gas model, so the specific heat of each component is dependent on 
temperature alone.   
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The amount of air required to complete the combustion process without limestone is given by Coskun et al. as 
Equation 915H(4.132).  This amount of air is referred to as the steometric air, ݉௔௜௥,௦௧.  Ki represents the fraction of the 
corresponding element in the culm composition as given in Equation 916H(4.109).   
 
݉௔௜௥,௦௧ ൌ 11.445ሺ2.9978ܭு െ 0.3747ܭை ൅  0.3747ܭௌ ൅ ܭ஼ሻ  (4.132)
 
Assuming 1 kg of fuel is used, Equation 917H(4.132) may be applied to Equation 918H(4.95), which is a mass balance around 
the boiler, to produce the mass of the flue gas, ݉ிீ, seen in Equation 919H(4.133). 
 
݉ிீ ൌ 11.445ሺ1 ൅ ߣሻሺ2.9978ܭு െ  0.3747ܭை ൅ 0.3747ܭௌ ൅ ܭ஼ሻ ൅ ሺ1 െ ܭ஺ሻ  (4.133)
 
The total steometric mass, ݉௧௢௧௔௟,௦௧, for 1 kg of fuel is found using Equation 920H(4.134). 
 
݉௧௢௧௔௟,௦௧ ൌ ݉௔௜௥,௦௧ ൅ ሺ1 െ ܭ஺௦௛ሻ  (4.134)
 
The specific heat of flue gas is given by Coskun et al. as the sum the specific heat of the flue gas components with 
the steometric amount of air and the specific heat of the excess air.  The specific heat of flue gas is given in 
Equation 921H(4.135). 
 
ܿ௣,ிீ ൌ ൤
ܿ௣,஼ைమ
ܽ஼ ൅ ܾே ൅ ܿு ൅ ݀௦
൨ ൬
݉௧௢௧௔௟,௦௧
݉ிீ
൰ ൅ ஺݂ 
 
(4.135)
 
The components of Equation 922H(4.135) are given in Equations 923H(4.136)-924H(4.141).  The temperatures are required to be in 
Kelvin; other variables are given in fraction or percentage form.  
 
ܽ஼ ൌ
ܽ௠
ܽ௖௣
 ൌ
3.66ܭ஼
݉ݐ݋ݐ݈ܽ,ݏݐ
 
 
(4.136)
 
ܾே ൌ
ܾ௠
ܾ௖௣
 ൌ
൫0.767݉௔௜௥,௦௧ ൅ ܭே൯/݉௧௢௧௔௟,௦௧
0.9094 ൅ 1.69 · 10െ4ܶ െ 11135ܶെ2
 
 
(4.137)
 
ܿு ൌ
ܿ௠
ܿ௖௣
 ൌ
൫8.938ܭு ൅ ܭுమை൯/݉௧௢௧௔௟,௦௧
0.5657 െ 6.68 · 10െ6ܶ െ 10465ܶെ2
 
 
(4.138)
 
݀ௌ ൌ
݀௠
݀௖௣
 ൌ
ሺ2ܭௌሻ/݉௧௢௧௔௟,௦௧
expሾ2.679 െ 151.16ܶെ1 െ 0.289 ln ܶሿ
 
 
(4.139)
 
஺݂ ൌ ௠݂ · ܿ௣,஺  ൌ ቀ
ఒ௠ೌ೔ೝ,ೞ೟
௠ಷಸ
ቁ ሺ0.7124 · 1.00011் · ܶ଴.଴ହଵሻ    (4.140)
87 
 
ܿ௣,஼ைమ ൌ 0.1874 · 1.000061
் · ܶ଴.ଶ଺଺ହ  (4.141)
 
The code for in Equations 925H(4.136)-926H(4.141) is given in 927HFigure 4.37. 
 
 
Figure 4.37: Code for calculating variables required for determining specific heat of flue gas.  T has been set 
to equal the flue gas temperature. 
 
Since the specific heat capacity of the flue gas is now known, the enthalpy and entropy values of the flue gas may be 
calculated assuming constant specific heats and an ideal gas model.  With these assumptions, the enthalpy for the 
flue gas is given in Equation 928H(4.142). 
 
݄ிீ  ൌ ܿ௣,ிீ ிܶீ  (4.142)
 
In order to calculate the flue gas exergy, the change in entropy is required.  The change in enthalpy between the flue 
gas and environmental temperatures is given in Equation 929H(4.143). 
 
ݏிீ െ ݏ௢  ൌ ܿ௣,ிீ ln ൬
ிܶீ
௢ܶ
൰ െ ܴ௔௩௚. ln ൬
݌ிீ
݌௢
൰  (4.143)
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ܴ௔௩௚.  is the average flue gas universal gas constant.  The universal gas constant value may be calculated, however, 
a series of simplifications to Equation 930H(4.143) cause the calculation to be unnecessary.  If the pressure difference is 
taken to be negligible, the Equation 931H(4.143) simplifies to Equation 932H(4.144). 
 
ݏிீ െ ݏ௢  ൌ   ܿ௣,஻ଵ଴ln ቆ
ܶܨܩ
ܶ݋
ቇ 
 
(4.144)
 
The necessary components to determine the exergy of the flue gas are now all known.  The composition of the flue 
gas may be coupled with tabulated chemical exergy values to determine the total chemical exergy of the flue gas, 
given in Equation 933H(4.145).   
 
অிீ஼ு  ൌ෍ ሶ݉ ௜অ௜
஼ு
௡
௜ୀଵ
 
 
(4.145)
 
ሶ݉ ௜ is the mass flow rate of a given flue gas component, calculated from the boiler mass balance, and অ௜஼ு is the 
corresponding chemical exergy value. 
 
The flow exergy is found using Equation 934H(4.142) and Equation 935H(4.144) into the flow exergy equation given in 
Equation 936H(4.8).  The flow exergy of the flue gas is given in Equation 937H(4.146). 
 
অ௙,ிீ  ൌ   ܿ௣,ிீሺ ிܶீ െ ௢ܶሻ െ ௢ܶ ൤ܿ௣,ிீ ln ൬
ிܶீ
௢ܶ
൰൨  (4.146)
 
Equation 938H(4.146) may also be given as Equation 939H(4.147). 
 
অ௙,ிீ  ൌ   ܿ௣,ிீ ൤ሺ ிܶீ െ ௢ܶሻ െ ௢ܶ ln ൬
ிܶீ
௢ܶ
൰൨  (4.147)
 
The total exergy is calculated by substituting Equation 940H(4.147) and Equation 941H(4.145)  into Equation 942H(4.6) to get 
Equation 943H(4.148). 
 
ሶॱ ிீ  ൌ  ෍ ሶ݉ ௜অ௜
஼ு
௡
௜ୀଵ
൅ ሶ݉ ிீܿ௣,ிீ ൤ሺ ிܶீ െ ௢ܶሻ െ ௢ܶ ln ൬
ிܶீ
௢ܶ
൰൨ 
 
(4.148)
 
The code for calculating the specific heat, enthalpy, and flow exergy of the flue gas is given in 944HFigure 4.38. 
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Figure 4.38: Code to calculate specific heat, enthalpy, and flow exergy of flue gas.  T in the code above has 
been set to equal the flue gas temperature. 
4.5.2. 86BEnergy Analysis 
Once the unknown exergy values have been found, the first law of thermodynamic analysis of the boiler is fairly 
straight forward.  Martin et al. [ 945H 5] perform a similar thermodynamic analysis on a fluidized bed boiler that uses 
low-grade coal and biomass as feedstock.  The procedure for creating the thermodynamic model for the boiler is 
modified from the process outlined by Martin et al., especially in the case of the limestone heat transfer discussed in 
this section.   
 
There are four heat transfer terms that are included in the boiler analysis: useful heat transfer, fuel energy content, 
endothermic limestone reaction heat transfer, and the heat loss through the boiler walls.  The two heat transfer 
values that leave the boiler control volume, heat loss and useful heat, are shown in 946HFigure 4.39, which has been 
copied from 947HFigure 4.27 in the introduction to this section. 
 
 
Figure 4.39: Schematic of boiler with location reference numbers.   
 
The useful heat transfer ሶܳ ௨, is the transfer between the heat generated during combustion and the feedwater.  This 
source is the largest and most significant.  ሶܳ ௨ is determined based on the change between the inlet and outlet 
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feedwater conditions.  The boiler models consider the superheated steam outlet (B2) and the feedwater inlet (B1).  
Spray water is added to the initial inflow of feedwater, so the flow through B2 is greater than the flow through B1.  
Since the spray water enters the boiler at the same temperature and pressure as the feedwater, the thermodynamic 
properties of the feedwater and spray water are the same (i.e. ݄஻ଵ ൌ ݄஻ଷ).  Equation 948H(4.149) is found by 
conservation of mass. 
 
ሶ݉ ஻ଷ ൌ ሶ݉ ஻ଶ െ ሶ݉ ஻ଵ  (4.149)
 
The useful heat transfer , ሶܳ ௨, may then be defined as in Equation 949H(4.150).   
 
ሶܳ ௨ ൌ ሺ ሶ݉ ݄ሻ஻ଵ ൅ ሺ ሶ݉ ݄ሻ஻ଷ െ ሺ ሶ݉ ݄ሻ஻ଶ  (4.150)
 
Combining Equations 950H(4.149) and 951H(4.150) yields Equation (4.51).  
 
ሶܳ ௨ ൌ ሶ݉ ஻ଶሺ݄஻ଵ െ ݄஻ଶሻ  (4.151)
 
The total fuel energy content for each boiler is the mass flow rate of the fuel entering the boiler times the HHV of 
the fuel as shown in Equation 952H(4.152). 
 
ሶܳ ௖௨௟௠ ൌ ሶ݉ ௖௨௟௠ሺܪܪܸሻ௖௨௟௠  (4.152)
 
The boiler energy efficiency is given as the ratio between the energy entering the boiler and the useful energy 
leaving the boiler.  The efficiency is then given in Equation 953H(4.153). 
 
ߟ஻ ൌ
െ ሶܳ௨
ሶܳ ௖௨௟௠
 
 
(4.153)
 
The negative sign is added so both the useful heat (leaving the boiler) and the culm energy (entering the boiler) have 
the same sign.  
 
The final heat transfer is lost between the boiler walls and the boiler room.  The heat loss through the boiler wall 
may be calculated one of two ways.  The first method for the boiler heat loss, ሶܳ ௟,஻, is to use an energy balance 
around a boiler and solve for the heat loss.  The second method, ሶܳ ௟,௘௦௧, is to apply an estimated 3% heat loss [58F 9] of 
the energy entering the boiler (the total culm energy).  The 3% heat loss value is found in literature to be the 
approximate heat loss of two CFB boilers rated at 300 MWe.  The second method of calculation will be the same for 
each boiler model since the heat energy entering the boiler is always the same.   
   
ሶܳ ௟,௘௦௧ ൌ 0.03 ሶܳ௖௨௟௠  (4.154)
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The code for Equations 954H(4.150) through 955H(4.154) is given in 956HFigure 4.40.  The values for the useful heat transfer, fuel 
energy, boiler energy efficiency, and estimated boiler heat loss are the same for both boiler models.   
 
 
Figure 4.40: Code for calculation of useful boiler heat transfer, heat energy entering the boiler, estimated 
heat loss, and boiler energy efficiency. 
 
Since the limestone reactions have a total endothermic effect, meaning they require an addition of heat to occur, the 
limestone reaction component of the boiler energy balance may be treated as a separate heat transfer term, ሶܳ ௟௜௠௘.  
The heat absorbed during the limestone reactions- Reactions 957H(3.5) and 958H(3.6) may be found using an energy balance 
on a molar basis as shown in Equation 959H(4.155). 
 
 
ሶܳ ௟௜௠௘ ൌ ෍ ሶ݊௣൫ത݄௙
௢ ൅ ∆ത݄൯
௉
# ݌ݎ݋݀ݑܿݐݏ
݇ൌ1
െ  ෍ ሶ݊ோ൫ത݄௙
௢ ൅ ∆ത݄൯
ோ
# ݎ݁ܽܿݐܽ݊ݐݏ
݆ൌ1
 
 
(4.155)
 
For ease of reference, Reaction 960H(3.5) will be referred to as the first limestone reaction (lime Reaction 1) and 
Reaction 961H(3.6) will be referred to as the second limestone reaction (lime Reaction 2). 
4.5.2.1. 133BModel BI 
Since model BI assumes the reactants enter the boiler at standard reference conditions (i.e. ݄ோሺܶ, ݌ሻோ െ
݄ோሺ ௢ܶ, ݌௢ሻ ൌ 0), Equation 962H(4.155) simplifies, for model BI only, to Equation 963H(4.156). 
 
ሶܳ ௟௜௠௘,஻ூ ൌ ෍ ൫ ሶ݊ ത݄௙
௢൯
௉
# ݌ݎ݋݀ݑܿݐݏ
݇ൌ1
െ ෍ ൫ ሶ݊ ത݄௙
௢൯
ோ
# ݎ݁ܽܿݐܽ݊ݐݏ
݆ൌ1
൅ ෍ ሶ݊௣∆ത݄௉
# ݌ݎ݋݀ݑܿݐݏ
݇ൌ1
 
 
(4.156)
 
The BI subscript indicates the heat transfer to be relevant to the first boiler model.  The reactants for both boiler 
models include air, culm, and limestone.  The products include calcium sulfate (a solid that exits with the ash), 
bottom ash, fly ash, and flue gas.  The flue gas is composed of oxygen, nitrogen, CO2, SO2, and water.  
Equation 964H(4.156) is applied to include both Reactions 965H(3.5) and 966H(3.6) to yield Equation 967H(4.157).  
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ሶܳ ௟௜௠௘,஻ூ ൌ ෍ ቂ ሶ݊௉൫ത݄௙
௢ ൅ ∆ത݄൯
௉
െ ൫ ሶ݊ ത݄௙
௢൯
ோ
ቃ
௟௜௠௘ ோ௘௔௖௧௜௢௡ ଵ
൅ ෍ ቂ ሶ݊ோ൫ത݄௙
௢ ൅ ∆ത݄൯
௉
െ ൫ ሶ݊ ത݄௙
௢൯
ோ
ቃ
௟௜௠௘ ோ௘௔௖௧௜௢௡ ଶ
 
 
(4.157)
 
Since the relevant products and reactants are known, ሶܳ ௟௜௠௘,஻ூ becomes Equation 968H(4.158). 
 
ሶܳ ௟௜௠௘,஻ூ ൌ ቂ ሶ݊ ஼௔ை൫ത݄௙
௢ ൅ ∆ത݄൯
஼௔ை
൅ ሶ݊஼ைమ൫ത݄௙
௢ ൅ ∆ത݄൯
஼ைమ
െ ሶ݊ ஼௔஼ைయ൫ത݄௙
௢ ൅ ∆ത݄൯
஼௔஼ைయ
ቃ
௟௜௠௘ ோ௘௔௖௧௜௢௡ ଵ
൅ ቂ ሶ݊ ஼௔ௌைర൫ത݄௙
௢ ൅ ∆ത݄൯
஼௔ௌைర
൅ ሶ݊ைమ,௢௨௧൫ത݄௙
௢ ൅ ∆ത݄൯
ைమ,௢௨௧
െ ሶ݊ேమ,௢௨௧൫ത݄௙
௢ ൅ ∆ത݄൯
ேమ,௢௨௧
െ ሶ݊ௌைమ൫ത݄௙
௢ ൅ ∆ത݄൯
ௌைమ
െ ሶ݊ைమ,௜௡൫ത݄௙
௢ ൅ ∆ത݄൯
ைమ,௜௡
െ ሶ݊ேమ,௜௡൫ത݄௙
௢ ൅ ∆ത݄൯
ேమ,௜௡
ቃ
௟௜௠௘ ோ௘௔௖௧௜௢௡ ଶ
 
 
(4.158)
 
Note that the CO2 counted here is only the CO2 produced in the limestone reactions, not combustion, since 
combustion is a separate set of equations.   The air is assumed to enter the boiler at the reference temperature and the 
enthalpy of formations for O2 and N2 are zero, while the exiting air is already included in the flue gas calculations 
and must be omitted here.  The limestone enters the boiler at the reference temperature as well, so the limestone 
change in enthalpy term drops out.  The calcium oxide produced in Reaction 969H(3.5) is equal to the amount used in 
Reaction 970H(3.6), so the two calcium oxide terms cancel.  Equation 971H(4.159) results.  
 
ሶܳ ௟௜௠௘,஻ூ ൌ ሶ݊ ஼ைమ,௟௜௠௘ ோ௘௔௖௧௜௢௡ ଵ൫ത݄௙
௢ ൅ ∆ത݄൯
஼ைమ
െ ሶ݊ ஼௔஼ைయ൫ത݄௙
௢൯
஼௔஼ைయ
൅ ሶ݊ ஼௔ௌைర൫ത݄௙
௢ ൅ ∆ത݄൯
஼௔ௌைర
െ ሶ݊ௌைమ൫ത݄௙
௢ ൅ ∆ത݄൯
ௌைమ
 
 
(4.159)
 
Since the calcium sulfate is divided evenly between the bottom ash and the fly ash, as discussed in Section 972H3.5.1, it 
exits the boiler at two temperatures, which must be reflected in the limestone heat transfer as shown in 
Equation 973H(4.160).  
 
ሶܳ ௟௜௠௘,஻ூ ൌ ሶ݊ ஼ைమ,௟௜௠௘ ோ௘௔௖௧௜௢௡ ଵ൫ത݄௙
௢ ൅ ∆ത݄൯
஼ைమ
െ ሶ݊ ஼௔஼ைయ൫ത݄௙
௢൯
஼௔஼ைయ
൅ ሶ݊ ஼௔ௌைర ቀത݄௙
௢ ൅ 0.5൫∆ത݄ி஺ ൅ ∆ത݄஻஺൯ቁ
஼௔ௌைర
െ ሶ݊ௌைమ൫ത݄௙
௢ ൅ ∆ത݄൯
ௌைమ
 
 
(4.160)
 
Finally, the limestone heat transfer is converted into a mass basis by dividing the molar flow rates by the 
corresponding molar masses.  Applying these two last steps allows the limestone heat transfer to be incorporated in 
an energy balance.  The final conversion is shown in Equation 974H(4.161). 
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ሶܳ ௟௜௠௘,஻ூ ൌ   ሶ݉ ஼ைమ,௟௜௠௘ ோ௘௔௖௧௜௢௡ ଵ൫ത݄௙
௢ ൅ ∆ത݄൯
஼ைమ
െ ሶ݉ ஼௔஼ைయ൫ത݄௙
௢൯
஼௔஼ைయ
൅ ሶ݉ ஼௔ௌைర ቀത݄௙
௢ ൅ 0.5൫∆ത݄ி஺ ൅ ∆ത݄஻஺൯ቁ
஼௔ௌைర
െ ሶ݉ ௌைమ൫ത݄௙
௢ ൅ ∆ത݄൯
ௌைమ
 
 
(4.161)
 
Since the mass flow rate of CO2 used in Equation 975H(4.161) should only account for the CO2 produced in 
Reaction 976H(3.5), and since one CO2 molecule is produced for each CaCO3 molecule entering the boiler, it may be 
concluded that the molar flow rate of CO2 and CaCO3 in Reaction 977H(3.5) are equal.  Therefore, applying 
Equation 978H(4.131) to the molar flow rates of CO2 and CaCO3 gives Equation 979H(4.162). 
 
ሶ݊ ஼ைమ,௟௜௠௘ ோ௘௔௖௧௜௢௡ ଵ ൌ ሶ݊ ஼௔஼ைయ ൌ
ሶ݉ ஼ைమ,௟௜௠௘ ோ௘௔௖௧௜௢௡ ଵ
ܯ஼ைమ
ൌ
ሶ݉ ௟௜௠௘
ܯ஼௔஼ைయ
 
 
(4.162)
 
Equation 980H(4.162) may be solved to find the mass flow rate of the CO2 produced during the limestone reactions.  
Combining the new CO2 flow rate, Equation 981H(4.161), and the change in enthalpy value for an ideal gas or solid 
(Equation 982H(4.4)), gives the final limestone heat transfer, shown in Equation 983H(4.163).  Note that the temperatures must 
be in Kelvin.  The thermodynamic properties used in Equation 984H(4.163) must be converted to a mass basis, as shown, 
when mass flow rates are used.   
 
ሶܳ ௟௜௠௘,஻ூ ൌ ሶ݉ ௟௜௠௘ ቆ
ܯ஼ைమ
ܯ஼௔஼ைయ
 ቇ ൫݄௙
௢ ൅ ܿ௣ ிܶீ൯஼ைమ
െ ሶ݉ ௟௜௠௘൫݄௙
௢൯
஼௔஼ைయ
൅ ሶ݉ ஼௔ௌைర ቀത݄௙
௢ ൅ 0.5ܿ௣ሺ ிܶீ ൅ ஻ܶ஺ሻቁ
஼௔ௌைర
െ ሶ݉ ௌைమ൫݄௙
௢ ൅ ܿ௣ ிܶீ൯ௌைమ
 
 
(4.163)
 
 The total heat transfer in model BII is given in Equation 985H(4.164). 
 
෍ ሶܳ஻ூ ൌ ሶܳ ௟,஻ூ ൅ ሶܳ௨ ൅ ሶܳ௖௨௟௠ ൅ ሶܳ ௟௜௠௘,஻ூ  
 (4.164)
 
An energy balance around the boiler may be rearranged to determine the heat loss from the boiler as shown in 
Equation 986H(4.165).  
ሶܳ ௟,஻ூ ൌ െ ሶܳ௨ െ ሶܳ௖௨௟௠ െ ሶܳ ௟௜௠௘,஻ூ ൅ ሶ݉ ஻ଵ଴݄ிீ ൅ ሶ݉ ஻ଽ݄ி஺ ൅ ሶ݉ ஻଼݄஻஺  (4.165)
The coding for the energy analysis of a boiler using model BI is given in 987HFigure 4.41. 
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Figure 4.41: Code for boiler model BI limestone heat transfer, heat loss, and total heat transfer. 
4.5.2.2. 134BModel BII 
The energy balance for the Model BII is the more complicated of the boiler models.  Not only does this model 
include NO emissions, but the reactants are not assumed to enter the boiler at the reference conditions.   
 
As with the analysis of model BI, the limestone heat transfer component is calculated separately using 
Equation 988H(4.162).  The only difference is that the change in enthalpy term is used for the limestone addition since it 
doesn’t enter at reference conditions in model BII.  The air portion of the reaction is incorporated into the energy 
balance using the air flow and enthalpy.   The limestone heat transfer is then given in Equation 989H(4.166). 
 
ሶܳ ௟௜௠௘,஻ூூ ൌ ሶ݉ ௟௜௠௘ ቆ
ܯ஼ைమ
ܯ஼௔஼ைయ
 ቇ ൫݄௙
௢ ൅ ܿ௣ ிܶீ൯஼ைమ
െ ሶ݉ ௟௜௠௘൫݄௙
௢ ൅ ܿ௣ ௟ܶ௜௠௘,௜௡൯஼௔஼ைయ
൅ ሶ݉ ஼௔ௌைర ቀത݄௙
௢ ൅ 0.5ܿ௣ሺ ிܶீ ൅ ஻ܶ஺ሻቁ
஼௔ௌைర
െ ሶ݉ ௌைమ൫݄௙
௢ ൅ ܿ௣ ிܶீ൯ௌைమ
 
 
(4.166)
 
The boiler heat loss for model BII is basically Equation 990H(4.165) with the addition of the inflow primary and 
secondary (which includes the duct burner air) air as seen in Equation 991H(4.167). 
  
ሶܳ ௟,஻ூூ ൌ െ ሶܳ௨ െ ሶܳ௖௨௟௠ െ ሶܳ ௟௜௠௘,஻ூூ ൅ ሶ݉ ஻ଵ଴݄ிீ ൅ ሶ݉ ஻ଽ݄ி஺ ൅ ሶ݉ ஻଼݄஻஺ െ ሶ݉ ௉஺݄௉஺
െ ሶ݉ ௌ஺݄ௌ஺ 
 
(4.167)
 
The code for the energy analysis of the boiler using model BII is given in 992HFigure 4.42. 
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Figure 4.42: Code for energy analysis of boiler using model BII. 
4.5.2.3. 135BCombined Boiler Effects 
The code shown in the energy analyses for models BI and BII show only the calculations for one of the two boilers 
as noted by “_b1” in the variable names throughout the code.  The same calculations are performed for the second 
boiler.  In anticipation of the analysis of the total power plant, it is desirable to determine the combined effects of 
both boilers.  The results from model BII are used since they more accurately represent the boilers.  The total heat 
loss, total useful heat transfer, total heat into the boilers, and average boiler efficiency are given in Equations993H(4.168) 
- 994H(4.171).   
 
ሶܳ ௟,௧௢௧௔௟,஻ ൌ ሶܳ௕ଵ,௟,஻ூூ ൅ ሶܳ௕ଶ,௟,஻ூூ  (4.168)
 
ሶܳ ௨,௧௢௧௔௟,஻ ൌ ሶܳ௕ଵ,௨ ൅ ሶܳ௕ଶ,௨  (4.169)
 
ሶܳ ௖௨௟௠,௧௢௧௔௟ ൌ ሶܳ௕ଵ,௖௨௟௠ ൅ ሶܳ௕ଶ,௖௨௟௠  (4.170)
 
ߟ஻,௔௩௚ ൌ
ߟ௕ଵ ൅ ߟ௕ଶ
2
  (4.171)
 
The MatlabTM code for the combined boiler effects are given in 995HFigure 4.43.  The code checks which boiler model 
has been used and creates the combined boiler effects using the appropriate boiler model data.   
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Figure 4.43: Code for combined boiler energy effects. 
4.5.3. 87BExergy Analysis 
The previously unknown exergy values for the culm and flue gas are found from Sections 996H4.5.1.1 and 997H4.5.1.4.  Once 
the chemical exergy values are known, the exergetic analysis may proceed. 
 
The useful exergy value is based off of the useful heat transfer value as shown in Equation 998H(4.172).  In the case of 
the useful heat transfer, the boundary temperature is taken as the temperature within the boiler, ௖ܶ௛௔௠௕௘௥, since the 
heat transfer to the feedwater occurs across tubes carrying the feedwater through the boiler.   
   
ሶॱ ௨ ൌ ሶܳ௨ ൬1 െ
௢ܶ
௖ܶ௛௔௠௕௘௥
൰  (4.172)
 
The culm exergy is found by multiplying the mass flow rate of culm into the boiler by the chemical exergy of the 
fuel.  Since the chemical exergy of the fuel is much greater than the flow exergy, the flow exergy for the fuel will be 
neglected.  The exergy value of the fuel is given in Equation 999H(4.173). 
 
ሶॱ ௖௨௟௠ ൌ ሶ݉ ௖௨௟௠অ௖௨௟௠
஼ு   (4.173)
 
The boiler exergetic efficiency, given in Equation 1000H(4.174), is the ratio between the useful exergy and the exergy 
input. 
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ߝ஻ ൌ
ሶॱ ௨
ሶॱ ௖௨௟௠
 
 
(4.174)
 
When the boiler heat loss value, ሶܳ ௟, is used, the exergy loss associated with the heat loss is defined with 
Equation 1001H(4.175).  The temperature of the boiler room, ௕ܶ,஻, gives the approximate temperature in the room housing 
the boiler; this temperature is used since the heat loss is across the boiler walls and into the boiler room.   
 
ሶॱ ௟ ൌ ሶܳ ௟ ቆ1 െ
௢ܶ
௕ܶ,஻
ቇ 
 
(4.175)
 
There are a number of exergy terms that differ between models BI and BII, but for which the same equation can be 
used.  Since the properties of the streams in and out of the boiler are determined before the thermodynamic model is 
implemented in the MatlabTM code, the following equations are “self correcting”; if a term is not applicable to a 
given model, the flow rate or thermodynamic property of the term will already be set to zero.  Since the term will be 
set to zero before the thermodynamic model is implemented, the term will drop out and the final solution will follow 
the correct model assumptions.  The terms for which this applies are the airflow exergy into the boiler, the flue gas 
exergy, the ash exergy, and the limestone exergy.  The exergy of the air streams into the boiler are given in 
Equation 1002H(4.176).  The exergy given is the complete exergy of the air, which includes the chemical and flow 
exergies.   
 
ሶॱ ௔௜௥ ൌ ሶ݉ ௉஺অ௉஺ ൅ ሶ݉ ௌ஺অௌ஺  (4.176)
 
Note that for model BI the temperature entering the boiler and reference temperature are the same.  This causes the 
flow exergy of the air to cancel to zero since the change in enthalpy and the change in entropy are zero. 
 
The flue gas exergy value is given in Equation 1003H(4.148), and so the flue gas exergy may be calculated using 
Equation 1004H(4.177). 
 
ሶॱ ிீ  ൌ ሶ݉ ிீঅிீ ൅෍ ሶ݉ ௜অ௜
஼ு
௡
௜ୀଵ
 
 
(4.177)
 
Note that the sum of the chemical exergy values depends on the flow rate of a given flue gas component; when a 
component, such as NO, is not present, the mass flow rate will be zero, and the term will drop out.   
 
The ash exergy includes the flow exergy of the ash for both models, the chemical exergy of calcium sulfate, and 
finally the chemical exergy of the residue carbon for model BII.  The ash exergy is given in Equation 1005H(4.178). 
 
ሶॱ ௔௦௛  ൌ ሶ݉ ௔௦௛অ௙,௔௦௛ ൅ ሶ݉ ஼௔ௌைరঅ஼௔ௌைఱ
஼ு ൅ ሶ݉ ஼অ஼஼ு  (4.178)
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Finally, the limestone exergy is given with Equation 1006H(4.179). 
 
ሶॱ ௟௜௠௘  ൌ ሶ݉ ௟௜௠௘অ஼௔஼ைయ
஼ு   (4.179)
 
The exergy for limestone does not include the exergy flow because the inflow of limestone into the boiler is small 
compared to the chemical exergy.  The MatlabTM Code for the general boiler exergy analysis is given in 1007HFigure 4.44. 
 
 
Figure 4.44: Code for general boiler exergy analysis. 
4.5.3.1. 136BModel BI 
The ash exergy for model BI is simplified from Equation 1008H(4.178) to Equation 1009H(4.180).  It should be noted that the ash 
exergy for model BI is not calculated separately within the code.   
    
ሶॱ ௔௦௛,஻ூ  ൌ ሶ݉ ௔௦௛অ௔௦௛ ൅ ሶ݉ ஼௔ௌைరঅ஼௔ௌைఱ
஼ு   (4.180)
 
The flue gas exergy for model BI is given in Equation 1010H(4.180).  Within the code, as with the ash exergy, the flue gas 
exergy will naturally simplify due to zero flow rate values and so is not calculated separately for each model.   
 
ሶॱ ிீ,஻ூ  ൌ ሶ݉ ிீঅிீ ൅ ሺ ሶ݉ অ஼ுሻைమ,௢௨௧ ൅ ሺ ሶ݉ অ
஼ுሻ஼ைమ ൅ ሺ ሶ݉ অ
஼ுሻுమைሺ௚ሻ
൅ ሺ ሶ݉ অ஼ுሻௌைమ 
 
(4.181)
 
The exergy lost through the boiler walls when the boiler heat loss is found using an energy balance is used is given 
in Equation 1011H(4.182). 
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ሶॱ ௟,஻ூ ൌ ሶܳ ௟,஻ூ ቆ1 െ
௢ܶ
௕ܶ,஻
ቇ 
 
(4.182)
 
An exergy balance around the boiler using model BI is given in Equation 1012H(4.183). 
 
0 ൌ ሶॱ ௨ ൅ ሶॱ ௖௨௟௠ ൅ ሶॱ ௟,஻ூ ൅ ሶॱ ௟௜௠௘ ൅ ሶॱ ௔௜௥ െ ሶॱ ௔௦௛,஻ூ െ ሶॱ ிீ,஻ூ െ ሶॱ ௗ,஻ூ  (4.183)
 
Equation 1013H(4.183) may be rearranged to solve for the exergy destruction value, shown in Equation 1014H(4.184) . 
   
ሶॱ ௗ,஻ூ ൌ ሶॱ ௨ ൅ ሶॱ ௖௨௟௠ ൅ ሶॱ ௟,஻ூ ൅ ሶॱ ௟௜௠௘ ൅ ሶॱ ௔௜௥ െ ሶॱ ௔௦௛,஻ூ െ ሶॱ ிீ,஻ூ  (4.184)
 
The code for the exergy analysis of the boilers using model BI is given in 1015HFigure 4.45. 
 
 
Figure 4.45: Code for model BI exergy analysis. 
4.5.3.2. 137BModel BII 
The final boiler model includes the full list of boiler assumptions, including residue carbon and NO production.  The 
final ash exergy equation is given in Equation 1016H(4.185). 
 
ሶॱ ௔௦௛,஻ூூ  ൌ ሶ݉ ௔௦௛অ௔௦௛ ൅ ሶ݉ ஼௔ௌைరঅ஼௔ௌைఱ
஼ு ൅ ሶ݉ ஼অ஼஼ு  (4.185)
 
The flue gas exergy for model BII includes NO generation.  The flue gas exergy for model BII is given in 
Equation 1017H(4.186). 
 
ሶॱ ிீ,஻ூூ  ൌ ሶ݉ ிீঅிீ ൅ ሺ ሶ݉ অ஼ுሻைమ,௢௨௧ ൅ ሺ ሶ݉ অ
஼ுሻ஼,௢௨௧ ൅ ሺ ሶ݉ অ஼ுሻ஼ைమ
൅ ሺ ሶ݉ অ஼ுሻுమைሺ௚ሻ ൅ ሺ ሶ݉ অ
஼ுሻௌைమ ൅ ሺ ሶ݉ অ
஼ுሻேை 
 
(4.186)
 
The exergy lost through the boiler walls is given in Equation 1018H(4.187). 
 
ሶॱ ௟,஻ூூ ൌ ሶܳ ௟,஻ூூ ቆ1 െ
௢ܶ
௕ܶ,஻
ቇ 
 
(4.187)
 
The exergy destruction is found using an exergy balance and rearranging to solve for the exergy destruction value, 
given in Equation 1019H(4.188). 
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ሶॱ ௗ,஻ூூ ൌ ሶॱ ௨ ൅ ሶॱ ௖௨௟௠ ൅ ሶॱ ௟,஻ூூ ൅ ሶॱ ௟௜௠௘ ൅ ሶॱ ௔௜௥ െ ሶॱ ௔௦௛,஻ூூ െ ሶॱ ிீ,஻ூூ  (4.188)
 
The code for the exergy analysis using model BII is given in 1020HFigure 4.46. 
 
 
Figure 4.46: MatlabTM code for exergy analysis of the boiler using model BII. 
4.5.3.3. 138BCombined Boiler Effects 
As with the boiler energy analysis, it is desirable to know the combined effects of a number of boiler exergy 
parameters.  The combined effects of interest include the total exergy loss, total exergy destruction, total exergy 
input from culm, total air exergy, total lime exergy, and the average boiler exergetic efficiency.  The mentioned 
combined parameters are listed in Equations 1021H(4.189)-1022H(4.196). 
 
ሶॱ ௟,௧௢௧௔௟,஻ ൌ ሶॱ ௕ଵ,௟,஻ூூ ൅ ሶॱ ௕ଶ,௟,஻ூூ  (4.189)
 
ሶॱ ௗ,௧௢௧௔௟,஻ ൌ ሶॱ ௗ,௕ଵ,஻ூூ ൅ ሶॱ ௗ,௕ଶ,஻ூூ  (4.190)
 
ሶॱ ௜௡,஻ ൌ ሶॱ ௕ଵ,௖௨௟௠ ൅ ሶॱ ௕ଶ,௖௨௟௠  (4.191)
 
ሶॱ ௔௜௥,௧௢௧௔௟,஻ ൌ ሶॱ ௕ଵ,௔௜௥ ൅ ሶॱ ௕ଶ,௔௜௥  (4.192)
 
ሶॱ ௟௜௠௘,௧௢௧௔௟,஻ ൌ ሶॱ ௕ଵ,௟௜௠௘ ൅ ሶॱ ௕ଶ,௟௜௠௘  (4.193)
 
ሶॱ ௔௦௛,௧௢௧௔௟,஻ ൌ ሶॱ ௕ଵ,௔௦௛ ൅ ሶॱ ௕ଶ,௔௦௛  (4.194)
 
ሶॱ ிீ,௧௢௧௔௟,஻ ൌ ሶॱ ௕ଵ,ிீ ൅ ሶॱ ௕ଶ,ிீ  (4.195)
 
ߝ஻,௔௩௚ ൌ
ߝ஻ଵ ൅ ߝ஻ଶ
2
  (4.196)
 
The code for the combined exergy effects are given in 1023HFigure 4.47. 
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Figure 4.47: Combined boiler exergy effects. 
4.6. 43BTotal Plant System 
The overall system analysis will be used to gauge the suggested improvements, as well as provide a baseline for 
comparison to other energy producing systems.  The total plant system will take into account the inflows and 
outflows of the plant, neglecting the cooling towers.  Figure 4.48 summarizes the “inlet/outlet” overview of the 
plant.   
 
 
Figure 4.48: Inlet/outlet overview of power station 
 
The total plant analysis calls on the analyses performed in Sections 1024H .4 and 1025H4.5 to build up the overall performance 
of the plant.  In order to create the baseline for comparison, the overall plant energy and exergy efficiencies, and 
total exergy destruction will all be determined.  For the purposes of the total plant analysis, boiler model BII will be 
used since it provides a more complete view of the boiler systems.  
 
The plant analyses may be performed with either the first of second turbine models.  Unless otherwise specified, the 
total plant equations are general and either turbine model may be used.  When one specific model is used, the 
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subscripts will indicate which model is used with either TI or TII.  The code for both scenarios will be given 
throughout the energy and exergy analyses.  
4.6.1. 88BEnergy Analysis 
From the previous analyses, the heat losses from the turbine (Equation 1026H(4.51)), condenser (Equation 1027H(4.49)), and 
boilers (Equation 1028H(4.168)) are known.  Although the condenser heat loss is transferred to the cooling water, the heat 
in the cooling water must be dissipated to the atmosphere, and so is lost from the plant.  The total heat loss from the 
plant is the sum of the losses from the components, given in Equation 1029H(4.197). 
 
ሶܳ ௉,௟ ൌ ሶܳ ௟,௧௢௧௔௟,஻ ൅ ሶܳ ௟,் ൅ ሶܳ ஼   (4.197)
 
The heat added to the plant is taken from the boiler analyses as the sum of the heat content of the culm, shown in 
Equation 1030H(4.198). 
 
ሶܳ ௉,௜௡ ൌ ሶܳ௖௨௟௠,௧௢௧௔௟  (4.198)
 
The power used internally in the plant supports processes such as pumps, fans (including the cooling tower fans), 
lighting, and other office power needs.  Since the power used throughout the plant is produced at the plant, the work 
used for supporting systems is found as the difference between the generated and exported work as shown in 
Equation 1031H(4.199). 
 
ሶܹ ௉,௜௡௧௘௥௡௔௟ ൌ ሶܹ ௚௘௡ െ ሶܹ ௉,௘௫௣௢௥௧   (4.199)
 
The internal work is based only on the operational data.  In order to estimate the exported work based on the second 
method of turbine work, the internal work is considered to be the same, and the exported work calculated using 
Equation 1032H(4.200). 
   
ሶܹ ௉,௘௫௣௢௥௧,்ூூ ൌ ሶܹ ௚௘௡,்ூூ െ ሶܹ ௉,௜௡௧௘௥௡௔௟   (4.200)
 
The desirable products of the plant are the power export and the process steam while the input energy is the heat 
content of the culm.  The overall “energy efficiency” of the plant compares the energy input, given in 
Equation 1033H(4.198) above, to the desired outputs, consisting of the exported work and the process steam energy 
(Equation 1034H(4.58)).  This performance criterion is also known as the energy utilization factor (EUF) [1035H60] and is given 
in Equation 1036H(4.201). 
 
ܧܷܨ௉ ൌ
ห ሶܳ௣௥௢௖௘௦௦ห ൅ ሶܹ ௉,௘௫௣௢௥௧
ሶܳ௉,௜௡ 
 
 
(4.201)
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It is necessary to note that the energy efficiency adds a work value and a heat transfer value together.  While this 
method is often used, it is not ideal because the two types of energy are not strictly of the same type or the same 
practical value [59F60].  
 
The plant thermal efficiency neglects the process heat because it is small compared to the exported power and the 
heat input to the plant.  The thermal efficiency of the plant is given in Equation 1037H(4.202).  
 
ߟ௧௛ ൌ
ሶܹ ௉,௘௫௣௢௥௧
ሶܳ௉,௜௡ 
  
 
(4.202)
 
The code for the total plant energy analysis is given in 1038HFigure 4.49.   
 
 
Figure 4.49: Code for calculation of (a) internal plant power use and (b) total plant energy analysis using 
turbine models. 
4.6.2. 89BExergy Analysis 
The total exergy loss from the plant, given in Equation 1039H(4.203), is the sum of the exergy loss through the boilers 
(Equation 1040H(4.189)), turbine (Equation 1041H(4.71)), and condensers (Equation 1042H(4.68)). 
 
ሶॱ ௟,௉ ൌ ሶॱ ௟,௧௢௧௔௟,஻ ൅ ሶॱ ௟,் ൅ ሶॱ ௟,஼  (4.203)
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The total exergy destroyed through the plant is another telling criterion for the plant.  The exergy destroyed through 
the plant is found by summing the exergy destroyed through the boilers (Equation 1043H(4.190)), turbine 
(Equation 1044H(4.73)), condenser (Equation 1045H(4.70)), and feedwater heaters (Equation 1046H(4.67)).  The total plant exergy 
destruction is given in Equation 1047H(4.204).   
 
ሶॱ ௗ,௉ ൌ ሶॱ ௗ,௧௢௧௔௟,஻ ൅ ሶॱ ௗ,் ൅ ሶॱ ௗ,஼ ൅ ሶॱ ௗ,ி  (4.204)
 
The total useful exergy out of the plant is given as the sum of the exported exergy and the process exergy 
(Equation 1048H(4.77)).  The exergy exported from the plant is approximately equal to the exported power since 
electricity is such high quality energy as shown in Equation 1049H(4.205). 
 
ሶॱ ௘௫௣௢௥௧ ൌ ሶܹ ௉,௘௫௣௢௥௧  (4.205)
  
The total useful exergy out of the plant is given in Equation 1050H(4.206). 
 
ሶॱ ௢௨௧,௨,௉ ൌ ሶॱ ௘௫௣௢௥௧ ൅ ห ሶॱ ௣௥௢௖௘௦௦ห  (4.206)
 
The problem with using traditional energy efficiency for a cogeneration power plant of adding two different types of 
energy together, mentioned in Section 1051H4.6.1 after defining Equation 1052H(4.201), is remedied through the application of 
exergy.  Using exergy levels the playing field, so to speak, between the work energy and the heat energy.  The 
exergy efficiency of the plant, given in Equation 1053H(4.207), is found by comparing the useful input exergy to the useful 
output exergy. 
 
ߝ௉ ൌ
ห ሶॱ ௣௥௢௖௘௦௦ห ൅ ሶॱ ௉,௘௫௣௢௥௧
ሶॱ ஻,௜௡ 
  
 
(4.207)
 
The total exergy into the plant, see 1054HFigure 4.48, is the sum of the exergy streams of the fuel, limestone, air, and 
makeup water into the plant.  The makeup water and limestone streams are small compared to the fuel and so may 
be neglected.  When the air enters the power plant it is at ambient conditions (before preheating for use in the boiler) 
and so the entering air has a flow exergy of zero.  The exergy of the air entering the plant contains only the chemical 
exergies of the nitrogen and oxygen it contains.  The total exergy into the plant is then given in Equation 1055H(4.208).  
ሶॱ ௜௡,௧௢௧௔௟,௉ ൌ ሶॱ ௜௡,஻ ൅ ሶ݉ ௔௜௥,௧௢௧௔௟,஻൫0.21অைమ
஼ு ൅ 0.79অேమ
஼ு൯  (4.208)
The coefficients in front of the chemical exergy values account for the percentage of air composed of oxygen and 
nitrogen. 
 
The total exergy out of the plant, see 1056HFigure 4.48, includes the exergy of the ash (Equation 1057H(4.194)), flue gas 
(Equation 1058H(4.181) or 1059H(4.186) depending on the boiler model used), useful exergy (Equation 1060H(4.206)), and exergy loss 
(Equation 1061H(4.203)).  The total exergy out of the plant is given in Equation 1062H(4.209). 
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ሶॱ ௢௨௧,௧௢௧௔௟,௉ ൌ ሶॱ ௔௦௛,௧௢௧௔௟,஻ ൅ ሶॱ ிீ,௧௢௧௔௟,஻ ൅ ሶॱ ௢௨௧,௨,௉ ൅ ห ሶॱ ௟,௉ห  (4.209)
The code for the total plant exergy calculations is given in 1063HFigure 4.50.   
 
 
Figure 4.50:  Code for exergy analysis of total plant using both turbine work methods.    
4.6.3. 90BImprovements 
There are many locations throughout the plant that could be improved, however, economic reasoning limits which of 
these improvements may feasibly be implemented.  The possibilities discussed and explored through this work are 
compared based on the changes in overall plant performance in terms of the thermodynamic performance and the 
environmental performance. 
 
Each of the following suggestions will be compared to a baseline data set in order to ascertain what change makes 
the greatest change in the plant performance.  The baseline data set will include boiler model BII, a carbon residue 
of 9%, all relevant operational data, and the current plant configuration.  The turbine in each of the improvement 
scenarios will be analyzed using the second method of turbine work, which uses an energy balance approach (see 
Section 1064H .4.2.3). 
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4.6.3.1. 139BCogeneration Steam Use 
Currently, the plant uses only a small percentage of the available cogeneration steam available because electricity 
may be sold for a higher profit than steam.  Since the steam is drawn off in the high pressure portion of the turbine, 
which is very high quality steam, the electricity production decreases when the steam draw increases.  The table 
below summarizes the current cogeneration steam use.  It is desirable to quantify the possible benefits, in terms of 
plant efficiency, of using more of the generated steam.   
 
Table 4.10: Summary of process steam use. 
Location Flow (kg/s) 
% of inlet 
steam 
Average turbine inlet 84.86 100 
Average process steam use 1.00 1.18 
Maximum process steam use 2.50 2.95 
Minimum process steam use 0.10 0.12 
 
The plant reports it is possible for the turbine to accept around 900,000 lb/h of steam and deliver up to 30,000 lb/h of 
process steam; this equates to 3.33% of the inlet steam delivered as steam.  For the purposes of the increased process 
steam analysis, the process steam flow rate will be calculated as 
 
ሶ݉ ௣௥௢௖ ൌ 0.0333 ሶ݉ ்ଵ  (4.210)
 
The increased process steam use will change the flow of steam from extraction 5, shown in 1065HFigure 4.19.  The 
increase in process steam is the difference between the current use and the suggested use shown in the above 
equation.  The steam through extraction 5 will be increased by the current and suggested steam use: 
 
ሶ݉ ்ଶ,௣௥௢௖ ൌ ሶ݉ ்ଶ ൅ ൫ ሶ݉ ௣௥௢௖ െ ሶ݉ ்ଶହ൯  (4.211)
 
It is assumed that the flow rates through the remaining extraction points remain the same.  The resulting change in 
the turbine exhaust is given as: 
 
ሶ݉ ்଻,௣௥௢௖ ൌ ሶ݉ ்ଵ െ ሶ݉ ்ଶ,௣௥௢௖ െ ሶ݉ ்ଷ െ ሶ݉ ்ସ െ ሶ݉ ்ହ െ ሶ݉ ்଺  (4.212)
 
The code for the mass flow rates through the turbine using increased process steam is shown in 1066HFigure 4.51. 
 
The turbine performance, including turbine work, generator work, heat loss, exergy destruction, and isentropic and 
exergetic efficiencies, may be calculated using the energy and exergy balance methods given in Sections 1067H4.4.2.3 
and 1068H4.4.3.3 with the increased process steam flow rates.   The turbine work is expected to decrease since more steam 
is removed than previously.  The derivations are not shown as they are the same as with the turbine energy method 
in the turbine analyses, however, the MatlabTM code is given in 1069HFigure 4.52. 
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Figure 4.51: Code for mass flow rates of steam through the turbine with increased process steam use.   
 
 
Figure 4.52: Code for energy and exergy analyses for the turbine using increased process steam. 
 
The overall plant performance indicators in the previous two sections (1070H4.6.1 and 1071H4.6.2) may be used with the 
relevant increased process steam use work values.  The basic equations have already been given, so only the code 
for the total plant analysis using increased process steam is shown in 1072HFigure 4.53.  The exported power is given in 
Equation 1073H(4.200), the useful exported exergy is given in Equation 1074H(4.206), the EUF is defined in Equation 1075H(4.201), 
the thermal efficiency of the plant is defined in Equation 1076H(4.202), and the exergetic efficiency of the plant is given in 
Equation 1077H(4.207). 
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Figure 4.53: Code for total plant analysis with increased process steam use.  
4.6.3.2. 140BTurbine Reheat 
Currently, the steam exiting the turbine at extraction 2, extraction 1, and the turbine exhaust are vapor/liquid 
mixtures.  While the plant, obviously, may still operate under these conditions, the moisture traveling through the 
turbine will result in a higher rate of turbine wear.  It is therefore a proposed improvement to introduce steam reheat 
through the turbine.  The reheat process redirects the steam after extraction 3 back to the boiler for additional heat 
transfer before returning to the turbine.  Since the steam transitions from the superheated region to the saturated 
mixture region between extraction 3 at the 12th stage of the turbine, and extraction 2 at the 14th stage of the turbine, 
the steam reheat will occur between stages 13 and 14. 
 
 
Figure 4.54:  Schematic of turbine reheat scenario.  A control volume around the reheat section of the boiler 
is shown. 
 
A simple analysis of the reheat process is performed using averaged data and a number of assumptions.  First, it is 
assumed that after the reheat, the pressures of the later extraction points are equal to the corresponding pressures 
without reheat.  Second, the exhaust temperature is increased by 30oC to put it solidly in the superheated region.  
Third, it is assumed that the percent temperature drop observed between each extraction point in the operational data 
T1
T6’T5’
T4
T3T2 T7’
Ex
t.
 5
Ex
t.
 4
Ext. 3
Ex
t.
 2
Ex
t.
 1
F7
Boilers
R1
R2
x
Turbine
Generator
109 
remains the same.  This implies that if the temperature of one extraction point is known, the temperatures of the 
points on either side may be approximated.   1078HFigure 4.54 depicts the turbine reheat scenario. 
 
The steam before extraction 3 is taken to have the properties listed in Equations 1079H(4.213)-1080H(4.215). 
 
ሶ݉ ௫ ൌ ሶ݉ ்ଵ െ ሶ݉ ்ଶ െ ሶ݉ ்ଷ  (4.213)
 
௫ܶ ൌ ்ܶସ  (4.214)
 
݌௫ ൌ ݌்ସ  (4.215)
 
The reheat steam is then taken to have the following listed in Equations 1081H(4.216)-1082H(4.218). 
 
ሶ݉ ோଵ ൌ ሶ݉ ்ଵ െ ሶ݉ ்ଶ െ ሶ݉ ்ଷ െ ሶ݉ ்ସ  (4.216)
 
ோܶଵ ൌ ்ܶସ  (4.217)
 
݌ோଵ ൌ ݌்ସ  (4.218)
 
Returning, the reheat steam has the following listed in Equations 1083H(4.219)-1084H(4.221). 
 
ሶ݉ ோଶ ൌ ሶ݉ ோଵ  (4.219)
 
ோܶଶ ൌ ்ܶହᇱ  (4.220)
 
݌ோଶ ൌ ݌்ହᇱ  (4.221)
 
From the average original analysis data, the percent temperature drops between the extraction points are found.  The 
relationships are given in Equations 1085H(4.222) and 1086H(4.223). 
 
்ܶ଻
்ܶ଺
ൌ 0.4  (4.222)
 
்ܶ଺
்ܶହ
ൌ 0.7  (4.223)
 
The same relationships are used to determine the temperatures at T6’ and T5’ based on the assumed exhaust 
temperature.  The temperatures are T6’ and T5’ are given in Equations 1087H(4.224) and 1088H(4.225). 
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்ܶ଺ᇱ ൌ
்ܶ଻ᇱ
0.4
  (4.224)
 
்ܶହᇱ ൌ
்ܶ଺ᇱ
0.7
  (4.225)
 
The new post-reheat values are now known.  These values, coupled with the assumed pressure values, will give the 
enthalpy, entropy, and exergy values at each extraction.   
 
A heat balance around the small control volume shown in 1089HFigure 4.54 gives the extra heat required for the reheat.  
The required extra heat is given in Equation 1090H(4.226). 
 
ሶܳ ோ ൌ ሶ݉ ோଶ݄ோଶ െ ሶ݉ ோଵ݄ோଵ  (4.226)
 
Equation 1091H(4.226) simplifies based on conservation of mass and the scenario assumptions to Equation 1092H(4.227). 
 
ሶܳ ோ ൌ ሶ݉ ோଵሺ்݄ହᇱ െ ்݄ସሻ  (4.227)
 
The energy necessary for the reheat corresponds to an increase in culm usage.  The reheat heat transfer should be 
equal to the heat released from the excess culm use.  Therefore the reheat heat transfer may be set equal to the HHV 
of culm, which represents the culm energy content, multiplied by an unknown mass flow rate for the culm required 
for the reheat, as seen in Equation 1093H(4.227). 
 
ሶܳ ோ ൌ ሶ݉ ோ,௖௨௟௠ሺܪܪܸሻ௖௨௟௠  (4.228)
 
Equation 1094H(4.227) may be rearranged to give the required feed of culm, shown in Equation 1095H(4.229). 
 
ሶ݉ ோ,௖௨௟௠ ൌ
ሶܳோ
ሺܪܪܸሻ௖௨௟௠
 
 
(4.229)
 
 
The total amount of heat energy into the boilers is the sum of the original culm use and the  
As done previously in Equation 1096H(4.51), the heat transfer for the turbine with reheat is taken as 1.39% of the work 
produced.  With the assumed heat loss, the energy balance simplified to Equation 1097H(4.230). 
 
ሶܹ ோ,் ൌ
ሺ ሶ݉ ݄ሻ௜௡௟௘௧ െ ሺ ሶ݉ ݄ሻ௢௨௧௟௘௧
1.0139
 
 (4.230)
 
Equation 1098H(4.230) uses the definitions given in Equations 1099H(4.231) and 1100H(4.232). 
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ሺ ሶ݉ ݄ሻ௜௡௟௘௧ ൌ ሶ݉ ்ଵ்݄ଵ ൅ ሶ݉ ோଶ݄ோଶ  (4.231)
 
ሺ ሶ݉ ݄ሻ௢௨௧௟௘௧ ൌ ሶ݉ ்ଶ்݄ଶ ൅ ሶ݉ ்ଷ்݄ଷ ൅ ሶ݉ ௫݄௫ ൅ ሶ݉ ்ହᇲ்݄ହᇲ ൅ ሶ݉ ்଺ᇲ்݄଺ᇲ ൅ ሶ݉ ்଻ᇲ்݄଻ᇲ  (4.232)
 
The isentropic work is given in Equation 1101H(4.233). 
 
ሶܹ ோ,்௦ ൌ ሺ ሶ݉ ݄ሻ௜௡௟௘௧ െ ሺ ሶ݉ ݄௦ሻ௢௨௧௟௘௧  (4.233)
 
The term ሺ ሶ݉ ݄௦ሻ௢௨௧௟௘௧ is defined in Equation 1102H(4.234). 
 
ሺ ሶ݉ ݄௦ሻ௢௨௧௟௘௧ ൌ ሶ݉ ்ଶ்݄ଶ,௦ ൅ ሶ݉ ்ଷ்݄ଷ,௦ ൅ ሶ݉ ௫݄௫,௦ ൅ ሶ݉ ்ହᇲ்݄ହᇲ,௦ ൅ ሶ݉ ்଺ᇲ்݄଺ᇲ,௦
൅ ሶ݉ ்଻ᇲ்݄଻ᇲ,௦ 
 
(4.234)
 
Note that enthalpy values at T2, T3, and x are determined by the corresponding pressure and the entropy value as 
T1, whereas the enthalpy values at T5’, T6’, and T7’ are found from the corresponding pressures and the entropy at 
R2. 
 
The energy and exergy based turbine performance parameters may be calculated using the equations found in 
Sections 1103H4.4.2.3 and 1104H .4.3.3 with the appropriate turbine reheat data.   
 
The calculations of the reheat scenario values at T7’, T6’, T5’, and R1 are shown in 1105HFigure 4.55(a), the calculations 
of the reheat location R2 and the isentropic enthalpy values are shown in 1106HFigure 4.55(b).  The code for the reheat 
mass flow rates is given in 1107HFigure 4.55(c).  The code for the calculation of the required additional culm flow is given 
in 1108HFigure 4.56.  1109HFigure 4.57(a) gives the energy analysis code and 1110HFigure 4.57(b) gives the exergy analysis code.  
The overall plant parameters found in Sections 1111H4.6.1 and 1112H4.6.2 may also be applied with the corresponding reheat 
data.  The code for the plant performance with turbine reheat is given in 1113HFigure 4.58. 
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(a) 
 
(b) 
 
Figure 4.55: Code used for calculating (a&b) temperatures, pressures, and thermodynamic properties of 
turbine reheat locations as well as (c) unknown mass flow rates. 
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Figure 4.56: Code for determining additional culm flow required for reheat.  
 
 
(a) 
 
(b) 
Figure 4.57: Code for turbine (a) energy analysis and (b) exergy analysis with reheat.   
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Figure 4.58: Code for total plant with turbine reheat (a) energy analysis and (b) exergy analysis. 
4.6.3.3. 141BEffect of Plant Operational Load 
Although it is often unavoidable for the plant to reduce its operational load due to economic, safety, or maintenance 
reasons, it is desirable to quantify the effects of changing the operational load on the plant performance.  1114HFigure 4.59 
shows the high and low load time periods over a sample time period of six days.  The plant begins to decrease the 
plant load around 9pm each night and returns to full load around 9am the next day.  The plant takes about three 
hours to reduce the load from 90 MW to 63 MW and another three hours to return.  Thus the plant spends about 
twelve hours a day at full load, six hours at reduced load, and six hours in transition between the two.    
 
To quantify the effects of operational load, the available data is divided into three groups based on the generator 
output: high load (above 85 MW), low load (below 65 MW), and transitional load operations (between 65-85 MW).  
To separate the data, a single MatlabTM array called “load” is created with a row for each timestamp of the 
operational data.  A value of 1 in “load” is indicative of a low load at the corresponding operational data, a value of 
2 is indicative of a transition, and a value of 3 is indicative of a high operational load.  The data is filtered using the 
piece of code shown in 1115HFigure 4.60.  
 
The plant performance parameters will be compared between each load scenario to determine if the operational load 
of the plant makes a significant difference in the plant performance.  Part of the code for sorting through the 
thermodynamic analysis results is shown in 1116HFigure 4.61.  The parameters chosen for comparison are efficiencies for 
the turbine and boiler and basic energy and exergy parameters for the whole plant system.  Although not every 
parameter is compared, those chosen provide an overview of how the plant performance changes with the 
operational load. 
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Figure 4.59: Sample of operational data of generator output. 
 
 
Figure 4.60: Code for sorting operational data based on exported electricity.  
 
 
Figure 4.61: Part of the code used to sort thermodynamic parameters into low, transient, and high load cases. 
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5. 10BEnvironmental Considerations 
The cogeneration power plant has a unique combination of environmental interactions.  A traditional coal fired plant 
requires an influx of new fuel that requires both mining and transport.  The traditional plant also emits pollutants 
through normal operations into the air, water, and soil of the surrounding area.  While the cogeneration plant does 
emit pollutants, the extraction of culm does not cause a large negative impact.  The externality analysis of the plant 
will be largely qualitative since the system is so complex and so unique. 
 
1117HFigure 5.1 shows some of the complexities of the plant’s environmental interactions.  Shown in the figure is the 
upstream fuel extraction process: culm banks are cleared and transported to the processing facility.  Fuel extraction 
does generate some pollution through truck emissions, but it also creates cleared land.  The processed culm is 
conveyed to the plant and burned along with limestone to produce steam and emissions.  Steam passes through the 
turbine to produce process steam and electricity.  The ash from the boiler is used, along with the cleared land, to 
reclaim lost natural environments.  With a traditional coal plant, the only real positive outputs would be the 
electricity and perhaps the ash from the plant, but here we see that land is cleared, process steam produced, as well 
as the electricity and ash production.   
 
 
Figure 5.1: Externality map of the plant and supporting processes. 
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1118HFigure 5.1 shows how the cogeneration power plant causes negative impacts (emissions from the boiler and 
machinery), but also how the plant imparts positive impacts (land use and reclamation, power generation, process 
steam production).  The endeavor of this chapter is to discuss how the positive and negative impacts of the plant 
interact, and how the positive and negative impacts of other power systems compare, namely a wind system and a 
coal system.  The results to the environmental analysis will be discussed in this section as well as the background 
information required to obtain and understand the results.     
5.1.1. 91BAssumptions 
Although the majority of the plant environmental analysis will be qualitative, there are a number of assumptions to 
keep in mind.  The assumptions for the plant environmental interactions are listed in 1119HTable 5.1. 
. 
Table 5.1: Summary of assumptions for plant environmental analysis.  
No. Assumption 
1 System boundaries 
2 Emissions 
3 Resource use and yearly production 
 
Discussion of Assumptions: 
1. System Boundaries- The system boundaries for the externality analysis are larger than those for the 
thermodynamic analysis.  The externality analysis takes into account many supporting processes of the plant 
operation including the culm extraction and processing, water attainment, water processing, waste water, land 
use, and emissions.  Although it could be argued that the externality impacts of the plant cover the globe, the 
boundary will be drawn to include only the apparent and strong impacts the plant has on the surrounding area.   
 
2. Emissions- It will be assumed that the CO2, NOx, and SOx emissions are related solely to the fuel consumption 
(i.e. a linear increase in fuel use corresponds to a linear increase in emissions).  With this assumption the 
relative environmental benefits of some of the suggested improvement scenarios may be quantified to an extent. 
 
3. Resource Use and Yearly Production- It will be assumed, by recommendation of plant personnel, that the culm 
is transported 13 miles (8.05 km) from a culm bank to the processing facility [60F 1], and then ash will be 
transported back to the culm bank site for land reclamation.  The fuel and the ash will be transported on 40 ton 
trucks with an efficiency of 50%.  The truck information is based on a SimaPro 40 tonne truck model. 
 
The land use portion of this analysis will be performed over the lifetime of the plant, but the resource use will 
be taken on a yearly basis.  1120HTable 5.2 summarizes some of the important input and output data for the current 
plant.   The data shown for the cogeneration plant is taken from average operational data taken over the course 
of a year with a 92% down time.   Many of the environmental impacts of the items listed in 1121HTable 5.2 may be 
quantified using SimaPro, although others will only be qualitatively discussed.   
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Table 5.2: Summary of plant inputs and outputs on average and over the course of a year. 
 Item 
Average Data Annual Data 
Quantity Units Quantity Units 
In
pu
t 
Culm used 17.66 kg/s 512371 tonne 
Culm transport by 40 ton truck 16 km 1.17 x1011 tkm 
Limestone used 0.1361 kg/s 3948 tonne 
Limestone transport by 28 ton truck 65 km 3.62 x107 ton-km 
Minewater cleaned and used 1.3x106 gal/day 4.36 x108 gallon 
Well water demineralized 26.77 gal/min 1.29 x107 gallon 
O
ut
pu
t 
Electricity generated 78.29 MW 630655 MWh 
Process heat delivered 1.00 kg/s 2.90 x107 kg 
Ash 6.43 kg/s 1.87 x105 tonne 
Minewater returned 115 kg/s 8.80 x106 gallon 
Land reclaimed -- -- 4 acre 
5.1.2. 92BSimaPro 
The SimaPro models are compared using their relative land use, water use, and emissions from supporting processes 
(such as fuel transportation).  In order to compare the models on a common basis, each of the SimaPro models is set 
up using the amount of electricity produced by the cogeneration plant over the course of a year.  The common 
production value between each of the systems ensures that they are compared on a similar basis.  The SimPro 
models also exclude the infrastructure processes since they are compared on a one year basis and the infrastructure 
processes for the cogeneration plant are unknown.  The models will also exclude long term emissions, again because 
only the impact from a year’s worth of electricity will be compared.  
5.1.2.1. 142BTraditional Coal Fired Plant 
The coal fired plant modeled in the SimaPro software is located in Italy.  The plant has the same output as does the 
cogeneration power plant.  The plant uses a mixture of coal that includes newly mined and stock coal material from 
all over the world; over the course of a year, the plant uses 244 long tons of coal with a heat content of 18 MJ/kg and 
56.3 long tons of brown coal at 8 MJ/kg.  The coal is taken from a combination of stock piles and underground 
mines.  The ETH-ESU 96 database from SimaPro is used.  
5.1.2.2. 143BWind Farm 
The wind turbine described in SimaPro is a composite of three wind farms that are located in Sool, Grenchenberg, 
and Simplon, each in Germany.  The Sool turbine has been in existence since 1986 and has the capacity to deliver an 
average of 14868 kw over a year of.  The rotor has two blades for a total diameter of 12.5 meters.  The Sool wind 
plant makes up 11% of the composite model. 
 
The Grenchenberg wind power plant has existed since 1994 and has an average power delivery of 99964 kWh/year.  
The rotor has three blades with a total diameter of 23.8 meters.  The Grenchenberg plant makes up 74% of the total 
wind farm model. 
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The Simplon wind power plant has been in operation since 1991 and can deliver 20864 kWh on average each year.  
The rotor has two blades with a total diameter of 12.5 meters.  The Simplon wind farm makes up the last 15% of the 
wind farm model.   
 
The average lifetime of the moving parts is 20 years and non-moving parts is 50 years for each of the wind farms.  
The ETH-ESU 96 database from SimaPro is used. 
5.1.2.3. 144BSimaPro Land Use Metric 
SimaPro categorizes land into four types, as seen in 1122HTable 5.3, depending on the level of human influence over the 
area.  The severity of land use is then gauged on the change in land use, i.e. the change from the land’s initial 
category to the category after the process has taken place.  The land use is thus measured by the severity of change 
in land type (change in category from initial to final given in the form (initial category)-(final category)), area 
effected (how much land was used), and the duration of time the land is affected.   
 
Table 5.3: Land use categories defined by SimaPro. 
Category System Type Description 
I Natural  No human influence at all 
II Modified  Naturally regenerated forest and range 
III Cultivated  Farmland, sown pasture, plantation, aquaculture ponds 
IV Built  Dominated by buildings, railways, airports, docks, dams, mines 
 
Since humans have some influence over every part of the Earth, category I is not used.  The severity of land use IV-
IV is only used for systems built on land that is already occupied, such as photovoltaic panels on the roof of a 
building. 
 
To calculate the land use score, the land area is multiplied by the years spent in the construction, operation, and 
dismantling phases of the lifecycle, and then divided by a functional unit.  In the case of a coal plant, the functional 
unit may be the energy content of the fuel.   
 
After the useful life of an energy conversion process, it is assumed that a new system takes the place of the old 
system, and so the land does not return to a restored state.  In the case of resource extraction, however, it is assumed 
that the area is abandoned, and so returns to a lower land category over a period of time.  The standard time periods 
used for the restoration of land are shown in 1123HTable 5.4. 
 
Table 5.4: Time periods for land recultivation. 
Level of recultivation Duration (year) 
Cat. IV to III 5 
Cat. III to II 50 
Cat. II to I 100,000 
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5.2. 44BEnvironmental Performance 
The thermodynamic performance of the plant may differ from other types of plants, as will be discussed in Chapter 
6, however, it is the fuel use and resulting environmental impact that sets the John B. Rich Memorial Power Station 
apart from many other power systems.  Through this section the SimaPro results for this plant and the other two 
power system models will be given and discussed.   
5.2.1. 93BSimaPro Results 
A summary of some of the SimaPro results are given in 1124HTable 5.5.  The cogeneration listed emissions are from the 
CEMS data. 
 
Table 5.5: Tabulated results from SimaPro and cogeneration power plant results. 
Metric Cogeneration plant Coal fired plant Wind Farm 
Water use  
(turbine use/unspecified) (m3) 
4.88E+04/ 
1.65E+06 
4.69E+05/ 
8.32E+06 
2.34E+04/ 
428.47 
NOx (kg) 7.54E+04 5.46E+05 345 
SO2 (kg) 5.88E+05 1.24E+06 157.92 
 
The SimaPro models for both types of electrical power generation assume that some amount of the electricity used 
for normal operations of the plant are from other power systems.  For example, the coal fired plant assumes a certain 
amount of power from a nuclear plant and the wind farm assumes hydropower.  The water use under the wind farm 
category is largely due to the hydropower use upstream from the wind farm itself.   
 
It may also be noted that if the unspecified water use is assumed to be used for cooling water in the coal fired plant 
that the cogeneration plant uses less water.  This could be in part because the cogeneration power plant uses waste 
heat for useful purposes instead of dissipating it to the cooling water.  The source of cooling water for the coal fired 
plant is unknown, but it would be safe to assume that in most cases mine water is not used since the coal plant is not 
located directly by the mines its fuel originates from. 
5.2.2. 94BDiscussion of Land Use 
As explained in Section 1125H .1.2.3, SimaPro quantifies land use by incorporating the change in environment the land 
undergoes, the duration the land is used for, and the time it takes for the land to revert to its original or a more 
natural state.  The land use metric used in SimaPro, however, is not applicable to the cogeneration power plant of 
this work.   
 
The typical land use model, which the SimaPro land use model follows, anticipates the following sequence of 
events: 
 
1. Before use the land is in a more natural state, meaning there is little human influence on the area.   
2. Construction and life of the system convert the land to a less natural state, meaning there is an increase of 
human activity and influence in the area. 
121 
3. The system is decommissioned or abandoned. 
4. The land slowly reverts back to a more natural state after the day to day human influence of the system is 
gone.  The greater the change from the original state of the land the longer the reversion takes.   
 
The cogeneration system, on the other hand, follows the following procedure: 
 
1. The land was previously used as a dumping site for a low grade pollutant.  Although there is no human 
activity, the land is not in a natural state because it cannot support normal plant or wild life.   
2. Construction and life of cycle convert one plot of land to a less natural state by building the power plant, 
roadways, and processing facility.  Every year four acres of land are cleared of the low grade pollutant and 
reclaimed with ash, topsoil, and plant life.   
3. The system is decommissioned. 
4. The land reversion back to a natural state is accelerated due to the reclamation process.   
 
The cogeneration system not only reverts land to a more natural state throughout its lifecycle, but also accelerates 
the natural reversion that occurs after plant operations end.  Even wind power, which does relatively little damage to 
the land of an area, does not accelerate the reversion process.     
 
The SimaPro results for the coal fired plant and wind farm land use are given in 1126HTable 5.6.  Both the coal fired plant 
and the wind farm require a combination of dry land and sea floor land for normal operations.  The sea floor use is 
associated with offshore drilling required for oil use within either system.   
 
Table 5.6: SimaPro land use results for coal fired plant and wind farm. 
Land use type (m2a) Coal fired plant 
Wind 
farm 
Land use II-III 5738.59 232.09 
Land use II-III, sea floor 4159.68 4608.44 
Land use II-IV 353.08 5.70 
Land use II-IV, sea floor 428.77 475.02 
Land use III-IV 22.02 0.4315 
Total 10702.13 5321.69 
 
The total land use of the coal fired plant is almost double that of the composite wind farm.  The large land use II-III 
category for the coal fired plant is largely due to the fact that some of the power used at the coal fired plant 
originates from a nuclear power plant.  The land use for nuclear power plants is always high because nuclear waste 
requires a long time to break down.  The length of time for the waste to break down factors into the land use value, 
making it significantly higher than it would be if the waste broke down quickly.  Since the cogeneration power plant 
generates all the power required for plant processes, the land use II-III would be much lower.   
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6. 11BResults and Discussion 
The analysis performed on the plant produced many results, ranging from exergy values, to mass flow rates, to 
efficiencies.  In the following section each of the results will be summarized and discussed.  The potential errors and 
known errors will be indicated and discussed.   
 
After the current model has been discussed and validated, the plant will be compared to the improvement scenarios 
modeled in Section 1127H4.6.3.   
6.1. 45BCalculated Exergy Values 
The air and water based exergy values throughout the plant are relatively easy to determine because the enthalpy and 
entropy values for both substances are well documented and understood.  Exergy associated with coal based fuels, 
which have inconsistent compositions and have non-uniform molecular structures, are less well understood.  The 
procedures for determining the exergy of culm and flue gas are given in Sections 1128H4.5.1.1 and 1129H4.5.1.4, respectively.   
6.1.1. 95BCulm 
The culm exergy calculations are based on the dry ultimate analysis of the fuel, meaning that the moisture is 
excluded for the analysis.  The exergy of culm is largely dependent on the measured higher heating value (HHV) of 
the fuel as well.   1130HTable 6.1 gives the average dry ultimate analysis and the dry and ash free composition of fuel 
found in Section 1131H4.5.1.1. 
 
Table 6.1: Average ultimate analysis on dry and DAF basis. 
Component 
Ultimate Analysis (%) 
Dry DAF 
Moisture 0 0 
Ash 42.99 0 
Carbon 50.80 89.12 
Hydrogen 1.51 2.65 
Oxygen 0.63 1.10 
Sulfur 0.48 0.84 
Nitrogen 3.58 6.27 
HHV (kJ/kg) 18,326 32,568 
 
1132HFigure 6.1 shows a comparison of calculated and measured HHV values for culm samples for the monthly ultimate 
and proximate analyses taken between January 1999 and April 2009.   It is apparent from 1133HFigure 6.1 that the 
calculated DAF values for HHV and chemical exergy are much higher than the values for the measured HHV and 
the total exergy values.  Upon reflection, the lower measured and total exergy values make sense; once ash is 
factored in, the energy content of the culm is essentially diluted.  Similarly, moisture lowers the energy and exergy 
content of culm because of its diminished energy content relative to carbon.   
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On both a total and a DAF basis, the chemical exergy values for culm are higher than the corresponding HHV.  This 
is not expected because exergy is a measure of the quality of the energy of a material, while the HHV is tied into the 
enthalpy of formation.  The quality of the energy of a material cannot be greater than the energy required to form it.  
Since the procedure outlined in 1134H .5.1.1 is intended for coal based fuels, which have significantly less ash content; 
when the fuel composition is taken on a DAF basis, the fuel contains almost 90% carbon.   
 
 
Figure 6.1: Comparison of measured HHV of culm, calculated values, and both DAF and total exergy values. 
 
1135HTable 6.2 summarizes the average measured and calculated HHV and exergy data for culm based on monthly 
ultimate and proximate analysis data from the plant.  From the table it can be seen that the average measured HHV 
of culm (which includes ash and moisture) is about 17,000 kJ/kg, whereas the average HHV of anthracite coal is 
about 31,000 kJ/kg [ 1136H25].  Note that the anthracite coal HHV value is approximately equivalent to the calculated 
HHV of culm on a DAF basis.  The exergy of anthracite coal has not been calculated.  
 
Table 6.2: Average culm HHV and exergy data and anthracite coal HHV. 
Culm dry and ash free Culm including ash and moisture Anthracite 
HHV (kJ/kg) 32,569 15,603 31,300-31,400 
Exergy (kJ/kg) 34,291 16,746 N/A 
* Calculated values 
 
Bilgen [1137H55] gave many examples of exergy and HHV results from coal samples taken from 32 mines throughout 
Turkey.  1138HTable 6.4 summarizes the ultimate and proximate analyses and thermodynamic properties of the culm used  
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Table 6.3: Data for culm compared to Turkish coal sample data compiled by Bilgen et al. [1139H55]. 
Fuel 
Sample 
Proximate 
Analysis (%)  
Ultimate Analysis on DAF basis 
(%) 
Thermodynamic 
Properties 
M Ash ࡴࡴࢂࡰ࡭ࡲ 
(kJ/kg) 
C H N O S 
࢙ࡰ࡭ࡲ 
(kJ/kg-
K) 
অࡰ࡭ࡲ
࡯ࡴ  
(kJ/kg) 
অ࡯ࡴ 
(kJ/kg) 
Culm 14.75 36.43 32,568 89.11 2.65 1.10 0.84 6.27 0.97 34,291 16,746 
1 28.09 13.34 25,134 63.53 5.12 1.31 25.43 4.61 1.41 26,100 15,287 
2 23.46 17.64 25,143 64.69 5.09 0.88 21.79 7.55 1.40 26,337 15,513 
3 21.61 15.95 24,996 64.54 4.85 0.92 24.56 5.13 1.38 26,025 16,251 
4 41.20 22.71 24,930 64.84 4.70 2.05 22.58 5.83 1.38 26,023 9,393 
5 28.28 37.38 25,644 68.74 5.92 1.24 21.85 2.25 1.46 26,296 9,031 
6 36.44 25.89 24,846 62.90 5.42 1.39 26.47 3.82 1.44 25,722 9,691 
7 38.12 28.48 24,336 62.29 5.34 3.44 28.01 0.92 1.46 24,988 8,347 
8 36.27 24.92 25,256 63.85 5.08 1.70 25.07 4.30 1.41 26,197 10,168 
9 40.81 8.77 26,811 67.53 4.94 2.40 20.50 4.63 1.39 27,760 13,997 
10 38.53 15.56 26,501 65.98 5.20 2.53 23.15 3.14 1.42 27,317 12,542 
11 38.58 13.51 25,878 64.86 5.13 2.41 23.91 3.69 1.42 26,755 12,819 
12 26.36 22.11 26,861 66.20 5.05 2.62 17.03 9.10 1.42 28,164 14,513 
13 27.33 19.52 26,748 67.25 4.76 2.06 18.90 7.03 1.38 27,911 14,835 
14 22.05 7.63 27,015 67.05 4.65 1.22 23.71 3.37 1.35 27,903 19,622 
15 19.85 20.19 27,985 73.48 4.90 2.00 17.53 2.09 1.35 28,690 17,203 
16 14.96 26.92 27,688 70.91 4.84 2.44 17.52 4.29 1.37 28,593 16,619 
17 25.43 12.18 26,982 69.73 4.66 1.71 19.69 4.21 1.34 27,912 17,415 
18 19.44 19.47 26,117 65.58 5.49 0.60 22.16 6.17 1.43 27,153 16,588 
19 17.20 5.75 27,969 70.37 5.12 1.04 22.86 0.62 1.37 28,111 21,660 
20 17.57 17.79 26,894 66.96 5.15 2.08 22.94 2.87 1.41 27,687 17,897 
21 15.91 27.02 26,652 67.19 5.04 0.99 26.55 0.23 1.38 27,249 15,551 
22 18.64 22.98 24,854 66.19 4.70 1.01 28.08 0.02 1.35 25,479 14,875 
23 20.24 16.71 27,325 68.57 5.43 1.33 23.74 0.93 1.41 27,923 17,606 
24 20.31 15.22 26,058 68.83 5.14 1.09 24.79 0.15 1.38 26,624 17,165 
25 23.04 32.86 24,231 62.77 5.68 1.49 28.95 1.11 1.46 24,866 10,967 
26 29.49 39.35 20,524 57.92 5.52 0.98 34.93 0.65 1.44 21,181 6,601 
27 40.94 18.34 24,135 62.95 5.42 0.65 29.68 1.30 1.45 24,814 10,105 
28 28.02 16.82 24,039 60.82 5.43 0.60 29.70 3.45 1.44 24,905 13,739 
29 39.25 15.11 25,034 62.93 5.41 0.73 25.42 5.51 1.44 26,048 11,889 
30 38.08 12.42 25,118 64.81 5.42 0.44 24.08 5.25 1.44 26,095 12,918 
31 31.17 22.32 24,796 62.70 5.48 0.54 27.26 3.97 1.45 25,682 11,945 
32 35.20 20.22 26,476 65.01 5.55 1.93 24.48 3.03 1.45 27,257 12,206 
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at the cogeneration power plant and Turkish coal samples.  The data for the coal samples with the highest and lowest 
total exergy values have been shaded for ease of comparison.  
 
Upon examination, it is found that the exergy of culm is in the higher half of the data samples given in 1140HTable 6.4.  It 
may also be observed that the culm sample contains the highest exergy value on a DAF basis.  Bilgen et al. found a 
relationship between the hydrogen to carbon and oxygen to carbon ratios; the higher the ratios, the lower the exergy 
values tend to be because less energy is contained in O-C and H-C bonds than in C-C bonds.  Culm has 
extraordinarily low ratios; culm has an H:C ratio of 0.03 and an O:C ratio of 0.009, whereas Sample 19, which has 
the highest exergy value, has H:C and O:C ratios of 0.07 and 0.32, respectively.  Although the energy and exergy in 
culm is greatly diluted by the high ash content, the usable fuel contains many high energy bonds, thus giving culm a 
large exergy content. 
6.1.2. 96BFlue Gas 
The flue gas analysis is also based on the fuel composition as well as the approximate chemical reactions that occur 
within the boiler as outlined in Section 1141H .5.1.4.  The flue gas analysis calculates the specific heat, enthalpy, entropy, 
and exergetic flow of the gas leaving the boilers.  Since the flue gas is taken to be an ideal gas, its properties are 
solely dependent on the flue gas temperature.  1142HTable 6.3 summarizes the average flue gas properties over the entire 
operational data set for boilers 1 and 2.  It may be seen in 1143HTable 6.3 that the flow exergy of the flue gas is about half 
of the chemical exergy of the flue gas.   Both the specific heat and the flow exergy of the flue gas are very close to 
linearly related to the flue gas temperature.  The relationships between the specific heat and flow exergy of the flue 
gas and the flue gas temperature are shown in 1144HFigure 6.2(a) and 1145HFigure 6.2(a), respectively.  
 
Table 6.4: Summary of flue gas properties. 
Property Boiler 1 Boiler 2 
Temperature (oC) 247.95 242.07 
Specific Heat (kJ/kg-K) 0.970 0.965 
অிீ (kJ/kg) 62.88 60.02 
ሶ݉ ிீ (kg/s) 58.48 59.30 
অ௙,ிீ ሶ݉ ிீ (MW) 3.71 3.59 
Total exergy flow of FG components (MW) 8.61 8.78 
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(a) 
 
(b) 
Figure 6.2: Relationships between flue gas temperature and (a) specific heat and (b) flow exergy. 
6.2. 46BOperational Data and Calculations 
The tables given in this section represent the average important data (flow rate, temperature, and pressure) through 
all of the plant subsystems from the analyses.  Much of the data in this section is calculated or modified as described 
in Chapters 3 and 4.  The original operational data, average from the complete set of data used for the analysis, are 
200 210 220 230 240 250 260 270
0.94
0.945
0.95
0.955
0.96
0.965
0.97
0.975
0.98
0.985
Flue Gas Temperature (deg C)
S
pe
ci
fic
 H
ea
t (
kJ
/k
g-
K
)
 
Boiler 1
Boiler 2
200 210 220 230 240 250 260 270
50
55
60
65
70
75
80
85
90
Flue Gas Temperature (deg C)
Fl
ow
 E
xe
rg
y 
of
 F
lu
e 
G
as
 (k
J/
kg
)
 
Boiler 1
Boiler 2
127 
given in Appendix B.  The full plant schematic with location reference numbers shown in 1146HFigure 6.3 may be used 
for reference.  1147HFigure 6.4 repeats the boiler schematic with location reference numbers from 1148HFigure 4.27.   
 
 
Figure 6.3:  Full plant schematic with location reference numbers. 
 
 
Figure 6.4: Schematic of the boiler system with location reference numbers. 
 
The final flow rates, temperatures, and pressures for boiler 1 are given 1149HTable 6.5, while the thermodynamic 
properties are given in 1150HTable 6.6.  The same data for boiler 2 are given 1151HTable 6.7 and 1152HTable 6.8, respectively.  The 
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final operational data for the feedwater heaters are given in 1153HTable 6.9 and the corresponding thermodynamic 
properties are given in 1154HTable 6.10.  The final flow rates, temperatures, pressures for the turbine are given in 1155HTable 
6.11 and the turbine thermodynamic properties in Table 6.12.  The condenser flow rate, temperature, and pressure 
data are given in 1156HTable 6.13 and its thermodynamic properties in table 6.14.  It may be noted that the sum of the 
feedwater into the boiler (B1+B3) is less than that of the steam flow out (B2).  This is likely due to the assumed 
neglect of the boiler blowdown.   
 
Table 6.5: Final average data used in boiler 1 analysis.   
Location Reference 
Number 
SI Units English Units 
Flow 
Rate 
(kg/s) 
Temperature
(oC) 
Pressure 
(bar) 
Flow Rate 
(KPPH)* 
Temperature 
(oF) 
Pressure 
(psi) 
B1 43.32 202.14 135.24 343.83 395.86 1961.42 
B2 43.40 495.63 100.46 344.43 924.14 1457.02 
B3 0.30 -- -- 2.35 -- -- 
B4 4.12 -- -- 32.70 -- -- 
B5 4.66 -- -- 37.02 -- -- 
B6 0.04 12.58 -- 0.28 54.64 -- 
B7 0.03 12.58 -- 0.26 54.64 -- 
B8 1.60 433.73 -- 12.70 812.71 -- 
B9 1.60 247.95 -- 12.70 478.31 -- 
B10 58.47 -- -- 464.03 -- -- 
B11 19.43 40.44 -- 154.23 107.79 -- 
B12 17.74 -- -- 140.78 -- -- 
B13 1.68 -- -- 13.35 -- -- 
B14 1.70 -- -- 13.50 -- -- 
B15 1.76 -- -- 13.94 -- -- 
B16 3.39 42.76 -- 26.89 108.97 -- 
B17 7.35 -- -- 58.36 -- -- 
-- indicates data not necessary for analysis 
* 1000 lb/h 
 
Table 6.6: Final average thermodynamic data for boiler 1. 
Description of 
Location 
SI Units English Units 
Enthalpy 
(kJ/kg) 
Entropy 
(kJ/kg-K) 
Exergy 
(kJ/kg) 
Enthalpy 
(Btu/lb) 
Entropy 
(Btu/lb-oR) 
Exergy 
(Btu/lb) 
B1 867.15 2.33 256.45 372.80 0.56 110.25 
B2 3363.02 6.58 2022.45 1445.83 1.57 869.49 
B8 370.19 -- 370.19 159.15 -- 159.15 
B9 217.84 -- 217.84 93.65 -- 93.65 
B10 505.09 -- 62.88 217.15 -- 27.04 
B6+B7 313.70 1.75 47.87 134.87 0.42 20.58 
B13 to B17 316.03 1.75 48.10 135.87 0.42 20.68 
-- indicates data not necessary for analysis 
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Table 6.7: Final average data used in boiler 2 analysis.   
Location 
Reference 
Number 
SI Units English Units 
Flow 
Rate 
(kg/s) 
Temperature  
(oC) 
Pressure 
(bar) 
Flow Rate 
(KPPH)* 
Temperature 
(oF) 
Pressure 
(psi) 
B1 41.64 202.15 135.14 330.47 395.87 1959.99 
B2 41.47 504.85 101.13 329.10 940.73 1466.80 
B3 0.30 -- -- 2.35 -- -- 
B4 4.21 -- -- 33.39 -- -- 
B5 4.66 -- -- 37.00 -- -- 
B6 0.03 12.58 -- 0.26 54.64 -- 
B7 0.03 12.58 -- 0.27 54.64 -- 
B8 1.62 437.75 -- 12.82 819.94 -- 
B9 1.62 242.07 -- 12.82 467.72 -- 
B10 59.30 -- -- 470.61 -- -- 
B11 19.24 42.15 -- 152.67 107.88 -- 
B12 18.10 -- -- 143.62 -- -- 
B13 1.70 -- -- 13.50 -- -- 
B14 1.82 -- -- 14.42 -- -- 
B15 1.71 -- -- 13.54 -- -- 
B16 3.77 42.93 -- 29.94 109.27 -- 
B17 7.50 -- -- 59.53 -- -- 
-- indicates data not necessary for analysis 
* 1000 lb/h 
 
Table 6.8: Final average thermodynamic data for boiler 2. 
Description of 
Location 
SI Units English Units 
Enthalpy 
(kJ/kg) 
Entropy 
(kJ/kg-K) 
Exergy 
(kJ/kg) 
Enthalpy 
(Btu/lb) 
Entropy 
(Btu/lb-oR) 
Exergy 
(Btu/lb) 
B1 867.17 2.33 256.46 372.81 0.56 110.26 
B2 3386.11 6.61 2037.92 1455.76 1.58 876.14 
B8 411.59 -- 411.59 176.95 -- 176.95 
B9 211.72 -- 211.72 91.02 -- 91.02 
B10 497.25 -- 60.02 213.78 -- 25.80 
B6+B7 315.42 1.75 48.02 135.61 0.42 20.65 
B13 to B17 316.20 1.75 48.11 135.94 0.42 20.68 
-- indicates data not necessary for analysis 
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Table 6.9: Final average data used in the feedwater heater analysis.   
Location 
Reference 
Number 
SI Units English Units 
Flow 
Rate 
(kg/s) 
Temperature  
(oC) 
Pressure 
(bar) 
Flow 
Rate 
(KPPH)* 
Temperature 
(oF) 
Pressure 
(psi) 
F1 56.21 40.13 7.93 446.11 104.23 115.03 
F2 56.21 81.50 7.93 446.11 178.71 115.03 
F3 56.21 117.52 7.93 446.11 243.53 115.03 
F4 85.55 153.14 5.23 678.99 307.66 75.87 
F5 84.96 155.77 135.24 674.30 312.38 1961.42 
F6 84.96 176.04 135.24 674.30 348.87 1961.42 
F7 84.96 202.14 135.24 674.30 395.86 1961.42 
F8 3.83 88.27 0.66 30.36 190.89 9.58 
F9 7.51 47.39 0.11 59.60 117.30 1.61 
F10 3.68 121.80 1.49 29.24 251.25 21.68 
F11 3.68 89.37 0.70 29.24 192.87 10.17 
F12 21.67 175.27 4.73 172.03 347.48 68.59 
F13 3.22 236.23 9.92 25.54 457.21 143.89 
F14 7.67 165.77 7.24 60.86 330.39 105.02 
F15 4.45 289.18 17.76 35.31 552.52 257.58 
F16 4.45 185.06 11.40 35.31 365.10 165.35 
* 1000 lb/h 
 
Table 6.10: Final average thermodynamic data for feedwater heater analysis. 
Location  
Reference 
Number 
SI Units English Units 
Enthalpy 
(kJ/kg) 
Entropy 
(kJ/kg-K) 
Exergy 
(kJ/kg) 
Enthalpy 
(Btu/lb) 
Entropy 
(Btu/lb-oR) 
Exergy 
(Btu/lb) 
F1 168.77 0.57 7.33 72.56 0.14 3.15 
F2 341.85 1.09 33.13 146.97 0.26 14.24 
F3 493.69 1.50 69.25 212.25 0.36 29.77 
F4 645.90 1.87 115.47 277.69 0.45 49.64 
F5 665.13 1.89 131.31 285.95 0.45 56.45 
F6 752.55 2.08 162.20 323.54 0.50 69.73 
F7 867.15 2.33 206.51 372.80 0.56 88.78 
F8 2600.01 7.34 515.56 1117.79 1.75 221.65 
F9 198.43 0.67 9.93 85.31 0.16 4.27 
F10 2715.34 7.30 644.30 1167.38 1.74 277.00 
F11 374.35 1.18 39.47 160.94 0.28 16.97 
F12 2803.80 6.98 822.19 1205.41 1.67 353.48 
F13 2912.92 6.88 960.65 1252.32 1.64 413.00 
F14 700.83 2.00 134.55 301.30 0.48 57.84 
F15 3006.29 6.80 1077.20 1292.47 1.62 463.11 
F16 785.73 2.19 166.03 337.80 0.52 71.38 
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Table 6.11: Final average data used in the turbine analysis.   
Location 
Reference 
Number 
SI Units English Units 
Flow 
Rate 
(kg/s) 
Temperature  
(oC) 
Pressure 
(bar) 
Flow 
Rate 
(KPPH)* 
Temperature 
(oF) 
Pressure 
(psi) 
T1 84.86 501.19 96.57 673.53 934.14 1400.69 
T2 5.45 289.18 17.76 43.25 552.52 257.58 
T3 5.89 236.23 9.92 46.71 457.21 143.89 
T4 21.67 175.27 4.73 172.03 347.48 68.59 
T5 3.68 121.80 1.49 29.24 251.25 21.68 
T6 3.83 88.27 0.66 30.36 190.89 9.58 
T7 44.34 43.55 0.09 351.94 110.39 1.30 
* 1000 lb/h 
 
Table 6.12: Final average thermodynamic data for turbine analysis. 
Location 
Reference 
Number 
SI Units English Units 
Enthalpy 
(kJ/kg) 
Entropy 
(kJ/kg-K) 
Exergy 
(kJ/kg) 
Enthalpy 
(Btu/lb) 
Entropy 
(Btu/lb-oR) 
Exergy 
(Btu/lb) 
T1 3382.26 6.62 1502.75 1454.10 1.58 646.06 
T2 3006.29 6.80 1077.20 1292.47 1.62 463.11 
T3 2912.92 6.88 960.65 1252.32 1.64 413.00 
T4 2803.80 6.98 822.19 1205.41 1.67 353.48 
T5 2715.34 7.30 644.30 1167.38 1.74 277.00 
T6 2600.01 7.34 515.56 1117.79 1.75 221.65 
T7 2322.39 7.38 228.62 998.44 1.76 98.29 
 
Table 6.13: Final average data used in the condenser analysis.   
Location 
Reference 
Number 
SI Units English Units 
Flow 
Rate 
(kg/s) 
Temperature  
(oC) 
Pressure 
(bar) 
Flow 
Rate 
(KPPH)* 
Temperature 
(oF) 
Pressure 
(psi) 
C1 580.41 25.10 -- 4606.52 77.17 -- 
C2 580.41 34.94 -- 4606.52 94.89 -- 
C3 44.34 43.55 0.09 351.94 110.39 1.30 
C4 1.69 10.00 0.09 13.39 50.00 1.30 
C5 7.51 47.39 0.09 59.60 117.30 1.30 
C6 2.67 43.55 0.09 21.17 110.39 1.30 
C7 56.21 39.67 0.07 446.11 103.41 1.06 
* 1000 lb/h 
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Table 6.14: Final average thermodynamic data for condenser analysis. 
Location 
Reference 
Number 
SI Units English Units 
Enthalpy 
(kJ/kg) 
Entropy 
(kJ/kg-K) 
Exergy 
(kJ/kg) 
Enthalpy 
(Btu/lb) 
Entropy 
(Btu/lb-oR) 
Exergy 
(Btu/lb) 
C1 105.24 0.37 1.98 45.25 0.09 0.85 
C2 146.38 0.50 4.66 62.93 0.12 2.00 
C3 2322.39 7.38 228.62 998.44 1.76 98.29 
C4 42.02 0.15 0.59 18.07 0.04 0.25 
C5 198.43 0.67 9.93 85.31 0.16 4.27 
C6 2268.19 7.21 223.18 975.14 1.72 95.95 
C7 166.18 0.57 6.37 71.44 0.14 2.74 
6.3. 47B aseline Thermodynamic Results 
This section outlines the baseline thermodynamic results.  The baseline results take advantage of the full range of 
data available.  Boiler model BII, described in Section 1157H3.5, is used since it more accurately represents the 
combustion process.   
6.3.1. 97BEnergy Analysis 
The energy analysis results for the condenser, turbine, and total plant are given in this section.  Each of the tables 
given in this section list the parameter, the baseline value, and the equation used.   
 
The only energy parameter found for the condenser is the heat transfer to the cooling water, ሶܳ ஼.  The baseline heat 
transfer value for the condenser is found to be -101.12 MW.  The negative sign signifies that the heat is leaving the 
condenser, which is expected. 
 
Baseline results found using turbine method I are shown in 1158HTable 6.15 and results found using method II are given 
in 1159HTable 6.16.  The process load heat value, ሶܳ ௣௥௢௖௘௦௦, found using Equation 1160H(4.58), has a value of -2.97 MW.  Now 
that the baseline results are given, the difference between the two methods of turbine work are apparent; method I 
yields a turbine work that is approximately 17% higher than the value found using method II- both turbine work 
results are highlighted in the respective tables.  The reasons behind this error will be discussed in Section 1161H .4.1.2, 
but has to do with the accumulated errors inherent in method II.  Because of those errors, the turbine work found 
using method I is assumed to be more accurate.   
 
Table 6.15: Baseline energy results for turbine using method I. 
Parameter Value (MW) Equation used 
ሶܳ ௟,் -1.15 1162H(4.51) 
ሶܹ ்ூ 82.39 1163H(4.52) 
ሶܹ௚௘௡ 78.27 Operational data 
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The turbine isentropic efficiency is found to be approximately 79.2% using method II.  Method I cannot be used to 
find the isentropic efficiency because the isentropic efficiency depends on an energy balance method to determine 
the isentropic work.  If the isentropic work were compared to the method I turbine work the result would be skewed 
and unusable.   
 
Table 6.16: Baseline energy results for turbine using method II. 
Parameter Value Units Equation used 
ሶܳ ௟,்ூூ  -0.96 MW 1164H(4.51) 
ሶܹ ்ூூ 68.75 MW 1165H(4.56) 
ሶܹ ௚௘௡,்ூூ 65.311 MW 1166H(4.57) 
ሶܹ ௦,்  86.508 MW 1167H(4.60) 
ߟ௦,்  0.792 % 1168H(4.59) 
 
The energy baseline data for both boilers are found in 1169HTable 6.17, with important results highlighted.  It may be 
observed that the parameters vary slightly between the two boilers.  Although the boilers are nominally the same, 
they have slightly different operating conditions and so produce different results.  1170HTable 6.17 gives the boiler heat 
loss for boiler 1 to be 15.03 MW and the total heat content of the culm entering the boiler to be 137.06 MW, which 
means about 11% of the heat input to the boiler room air through heat loss.  The heat loss from boiler 2 is given as 
20.44 MW and the culm energy stream is 138.38 MW, which means the second boiler looses about 15% of the 
incoming energy through heat loss.  Very little energy is lost due to the limestone reactions-less than 1% of the culm 
energy is used in the limestone reactions in both boilers.    
 
Table 6.17: Baseline boiler energy analysis for both boilers.  Boiler model BII used.   
Parameter Value for Boiler 1 Value for Boiler 2 Units Equation used 
ሶܳ ௖௨௟௠ 137.06 138.38 MW 1171H(4.152) 
ሶܳ ௨ -107.91 -104.13 MW 1172H(4.150) 
ሶܳ ௟,஻ூூ -15.03 -20.44 MW 1173H(4.165) 
ሶܳ ௟௜௠௘,஻ூூ -0.27 -0.25 MW 1174H(4.166) 
ߟ஻ 0.796 0.765 % 1175H(4.153) 
 
The combined boiler effects using boiler model BI and BII are listed in 1176HTable 6.18.  Overall, both boilers combined 
have an average efficiency of 78%.  The total heat loss is about 35.47 MW, which represents almost 13% of the total 
fuel energy (275.44 MW) entering the boilers.  The main difference between the two boiler models is in the boiler 
heat loss.  The boiler heat loss using model BI is much smaller than that for boiler model BII because of the 
difference in the flue gas compositions. 
 
The total plant analysis energy analysis results are given in 1177HTable 6.19.  The plant has a total heat loss of 70.69 MW 
when using the turbine method I.  About half of the heat entering the plant (275.44 MW) is lost through heat losses 
(137.74 MW using turbine method I) in various components.   
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Table 6.18: Energy results from both boilers for models BI and BII.   
Parameter Model BI Model BII Units Equation used 
ሶܳ ௖௨௟௠,௧௢௧௔௟ 275.44 MW 1178H(4.170) 
ሶܳ ௨,௧௢௧௔௟,஻ -212.04 MW 1179H(4.169) 
ሶܳ ௟,௧௢௧௔௟ -1.71 -35.47 MW 1180H(4.168) 
ሶܳ ௟௜௠௘,௧௢௧௔௟,஻ -0.52 MW 1181H(4.166) 
ߟ஻,௔௩௚ 0.781 % 1182H(4.171) 
 
Table 6.19: Energy analysis for plant system. 
Parameter Value using method TI 
Value using 
method TII Units Equation used 
ሶܳ ௉,௟ -137.74 -137.55 MW 1183H(4.197) 
ሶܳ ௉,௜௡ 275.44 MW 1184H(4.198) 
ሶܹ ௉,௘௫௣௢௥௧ 70.69 57.73 MW Operational data/1185H(4.200) 
ሶܹ ௉,௜௡௧௘௥௡௔௟ 7.58 MW 1186H(4.199) 
ܧܷܨ௉ 0.268 0.220 % 1187H(4.201) 
ߟ௧௛ 0.257 0.209 % 1188H(4.202) 
6.3.2. 98BExergy Analysis 
The feedwater heater exergy destruction values are given in 1189HTable 6.20.  By far the greatest exergy destruction 
occurs in the deaerator.  Unlike the other feedwater heaters, the DA is open, meaning that the superheated steam 
from extraction 3 (see 1190HFigure 6.3) mixes with the condensate entering from FWH 2 and the FWH 4 drain.  There is a 
very large difference between the entropy of the steam entering the DA (F12) and the DA drain (F4), which lends 
itself to the large exergy destruction value.  The process of the fluid streams mixing also produces entropy, thus 
increasing the exergy destruction further.  The total exergy destruction from all five feedwater heaters is given as 
14.01 MW. 
 
Table 6.20: Baseline exergy destruction values for feedwater heaters.   
Parameter Value (MW) Equation used 
ሶॱ ௗ,ிௐுଵ 0.579 1191H(4.62) 
ሶॱ ௗ,ிௐுଶ 0.196 1192H(4.63) 
ሶॱ ௗ,஽஺ 12.83 1193H(4.64) 
ሶॱ ௗ,ிௐுସ 0.156 1194H(4.65) 
ሶॱ ௗ,ிௐுହ 0.156 1195H(4.66) 
ሶॱ ௗ,ிௐு 14.01 1196H(4.67) 
 
The condenser exergy analysis yields an exergy loss value and an exergy destruction value, both given in 
Table 6.21.  There is a large amount of exergy loss from the condenser, indicated by the negative sign, but the 
exergy destruction is not large compared to the exergy destruction of other system components. 
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Table 6.21: Baseline exergy analysis for condenser. 
Parameter Value (MW) Equation used 
ሶॱ ௟,஼ -5.60 1198H(4.68) 
ሶॱ ௗ,஼ 5.17 1199H(4.70) 
 
Two sets of turbine exergy analysis data may be produced because of the two methods of turbine analysis.  The 
results using method I are given in 1200HTable 6.22 and the results using method II are given in 1201HTable 6.23.  Note that the 
difference between the exergy destruction when the method II is used is non-existent, whereas the difference using 
method I is large.   
 
The exergy destruction for method I using the exergy balance method is found to be almost zero, and depending on 
the reference conditions used may be negative.  Exergy destruction can never be negative in a real system since 
entropy production cannot be negative.  The reason the negative sign occurs in this instance has to do with the 
turbine work using method I being much larger than the work found using method II.  When the larger work value is 
used in the exergy balance subtracts the turbine work directly, whereas the entropy balance method does not.  Since 
a balance method produces a smaller work value, when the larger work value is subtracted in the exergy balance an 
impossible exergy destruction value is found. Since exergy destruction cannot be negative or zero in a real system, 
the entropy balance method must be used. 
 
The turbine exergetic efficiency using method I is higher than that for method II (70.4% vs. 58.4%).  Since method I 
is a more accurate method for determining the turbine work, the 70.4% efficiency is taken.  The process exergy 
value is found to be -1.20 MW. 
 
Table 6.22: Baseline turbine exergy results using method I.  
Parameter Value  Units Equation used 
ሶॱ ௟,்ூ -0.06 MW 1202H(4.71) 
ሶॱ ௗ,்ூ 14.71 MW 1203H(4.75) 
ሶॱ ௗ,்ூ,অ 0.880 MW 1204H(4.73) 
ߝ்ூ 0.704 % 1205H(4.76) 
 
Table 6.23: Baseline turbine exergy results using method II. 
Parameter Value Units Equation used 
ሶॱ ௟,்ூூ -0.05 MW 1206H(4.71) 
ሶॱ ௗ,்ூூ 14.53 MW 1207H(4.75) 
ሶॱ ௗ,்ூூ,অ 14.53 MW 1208H(4.73) 
ߝ்ூூ 0.584 % 1209H(4.76) 
 
The baseline boiler exergy results are given in 1210HTable 6.24.  The exergy of the culm entering each boiler is higher 
than the energy content of the fuel given in 1211HTable 6.17.  As discussed in Section 1212H6.1.1, the calculated culm exergy is 
higher than the recorded HHV.  While this difference is not expected, it may be explained by the high ash and 
moisture content of culm.  The exergy loss based on the heat loss from the boiler shows that the loss is actually less 
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significant than the energy analysis would imply since the difference between the environmental and boiler room 
temperatures are not that great.  There is, however, a significant amount of exergy destruction occurring in each 
boiler; about 30% of the exergy entering the boiler in the fuel is destroyed through the combustion process.  The 
exergy efficiency of each boiler is around 54%, which is significantly less than the energy efficiencies, which were 
around 78%.  The smaller efficiency reflects the large exergy destruction value.         
Table 6.24: Baseline boiler exergy results for boiler 1 and boiler 2. 
Parameter Value from boiler 1 Value from boiler 2 Units Equation used 
ሶॱ ௖௨௟௠ 147.11 148.52 MW 1213H(4.173) 
ሶॱ ௔௜௥ 2.54 2.59 MW 1214H(4.176) 
ሶॱ ௟௜௠௘,஻ூூ 0.0007 0.0007 MW 1215H(4.187) 
ሶॱ ௔௦௛,஻ூூ 5.20 5.31 MW 1216H(4.185) 
ሶॱ ிீ,஻ூூ 12.32 12.36 MW 1217H(4.186) 
ሶॱ ௟,஻ூூ -1.05 -1.40 MW 1218H(4.187) 
ሶॱ ௗ,஻ூூ 50.19 53.98 MW 1219H(4.188) 
ߝ஻ூூ -0.556 -0.534 % 1220H(4.174) 
 
The total exergy values of both boilers combined are given in 1221HTable 6.25 for both boiler model BI and BII.  Overall, 
with boiler models, the boilers have a fuel exergy flow of 295.63 MW and 0.14 kW of limestone exergy.  The larger 
differences between the two models are the inflow of exergy of the air, and outflows from the boiler.  Since model 
BI assumes the air enters at the reference temperature, the air flow exergy is zero, whereas it is 5.13 MW for model 
BII.  The ash and flue gas exergy values differ since both models assume different compositions.   
 
Table 6.25: Total baseline exergy results from both boilers for both boiler models.  
Parameter Model BI  Model BII Units Equation used 
ሶॱ ௖௨௟௠,௧௢௧௔௟,஻ 295.63 MW 1222H(4.191) 
ሶॱ ௔௜௥,௧௢௧௔௟,஻ 0.00 5.13 MW 1223H(4.192) 
ሶॱ ௟௜௠௘,௧௢௧௔௟,஻ 0.0014 MW 1224H(4.193) 
ሶॱ ௔௦௛,௧௢௧௔௟,஻ 1.95 10.51 MW 1225H(4.194) 
ሶॱ ிீ,௧௢௧௔௟,஻ 25.02 24.68 MW 1226H(4.195) 
ሶॱ ௟,௧௢௧௔௟,஻ -0.10 -2.44 MW 1227H(4.189) 
ሶॱ ௗ,௧௢௧௔௟,஻ 110.87 100.37 MW 1228H(4.190) 
ߝ௔௩௚,஻ -0.545 % 1229H(4.196) 
 
The plant baseline exergy results are given 1230HTable 6.26.  The plant delivers around 71.79 MW of useful exergy 
(electricity and process heat) when method TI is used, and only 58.82 MW when method TII is used.  The difference 
is due to method TII producing a lower turbine work value.  Overall the plant has an exergetic efficiency of about 
24.38% using method TI. 
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Table 6.26: Plant baseline exergy results. 
Parameter Value using method TI 
Value using 
method TII Units Equation used 
ሶॱ ௟,௉ -8.10 -8.09 MW 1231H(4.203) 
ሶॱ ௗ,௉ 138.05 137.87 MW 1232H(4.204) 
ሶॱ ௘௫௣௢௥௧ 70.69 MW 1233H(4.205) 
ሶॱ ௢௨௧,௨,௉ 71.79 58.82 MW 1234H(4.206) 
ሶॱ ௜௡,௧௢௧௔௟,௉ 300.58 MW 1235H(4.208) 
ሶॱ ௢௨௧,௧௢௧௔௟,௉ 115.09 102.11 MW 1236H(4.209) 
ߝ௉ 0.243 0.198 % 1237H(4.207) 
6.3.3. 99BGraphical Representations 
Temperature-entropy (T-s) diagrams are useful to ensure a given process has no irreversibilities.  A T-s diagram is 
generated for the feedwater and steam throughout the plant.  1238HFigure 6.3 may be used as reference for indicated 
reference locations.  The ideal turbine process would be isentropic, so the change in entropy from locations T1 to T7 
would be zero.  As this is a real process, however, there is an increase in entropy between each state of the turbine.  
It may also be observed that the steam in the turbine enters the liquid/vapor mixture region between T5 and T6.  The 
greatest increase in entropy and temperature occurs across the boiler, between F7 and T1.  The increase in entropy is 
consistent with the large exergy destruction value found for each boiler.   
 
A pressure-enthalpy (p-h) diagram is also given in 1239HFigure 6.6 to illustrate the changing properties of the feedwater 
throughout the plant.  Two notable locations on the P-h diagram are C4-F1 and F4-F5.  Between these sets of 
locations are pumps; between C4 and F1 is the condensate pump and between F4 and F5 is the boiler feed pump.  
The feedwater is pushed into the compressed liquid region after each pump.  The pressure is constant across FWH1 
and FWH2, but drops when the condensate enters the DA.  
 
Energy and exergy flow diagrams, discussed in Section 1240H .2.1, are used to visualize the flow of energy or exergy 
through a system or subsystem of the plant.  The boiler systems represent the greatest source of exergy destruction 
through the plant.  Energy and exergy flow diagrams for the combined boiler system, given in 1241HFigure 6.7, help 
demonstrate the magnitude of the exergy destruction in the boiler.  The energy flow diagram for the boiler is given 
in 1242HFigure 6.7(a) and the exergy flow diagram in 1243HFigure 6.7(b).  Some of the main differences between the energy 
and exergy analyses of the boiler are emphasized in 1244HFigure 6.7.  The inflow of air energy in 1245HFigure 6.7(a) makes up 
almost 11% of the energy into the plant, however, the air exergy flow shown in 1246HFigure 6.7(b) makes up only 1.8% of 
the total exergy into the boiler.  The difference is that although the air holds a given amount of energy, only a small 
portion of that energy is useful.   
 
The turbine analysis also yields energy and exergy flow diagrams, given in 1247HFigure 6.8(a) and 1248HFigure 6.8(b) 
respectively.   In both the turbine energy and exergy flow diagrams the steam at extraction 3 and the exhaust make 
up the largest exiting streams since those two streams have the greatest flow rates.  Both streams are smaller in the 
exergy flow diagram.     
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An exergy flow diagram is produced for the entire plant is given in 1249HFigure 6.9.  The exergy waste streams from the 
plant- the ash, flue gas, and heat loss, are small compared to the exergy destroyed.  The process heat and internal 
power use are likewise very small compared to the exergy destruction and the exergy export.   
 
 
Figure 6.5: T-s diagram for feedwater and steam through plant. 
 
  
Figure 6.6: P-h diagram for feedwater through the plant. 
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(a) 
 
(b) 
Figure 6.7: Boiler flow diagrams for (a) energy and (b) exergy.  Arrow width represents magnitude.   
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(a) 
 
(b) 
Figure 6.8: (a) Energy and (b) exergy flow diagrams for turbine. 
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Figure 6.9: Exergy flow diagram for entire power plant.   
6.4. 48BModel Validation and Error 
The availability of data gives many opportunities for validation of the thermodynamic model.  The turbine and the 
boiler are the most important plant components and so they will be the focus of validation.    
6.4.1. 100BTurbine Errors and Iterations 
Through the turbine analysis two main issues arose; the final two exiting streams from the boiler are vapor/liquid 
mixtures and so their states could not be fixed and the two methods of turbine work calculations result in 
significantly different work values.   
6.4.1.1. 145BTurbine Quality 
The turbine quality issue will be discussed first.  The first attempt at fixing the states at the final extraction point and 
the exhaust was to use the quality used in the heat balance performed n the plant in the 1990’s.  It was found, 
however, that the qualities pulled from the heat balance resulted in decreasing entropy values at T6 and T7, which 
points to an flaw in the values.   
 
Excel was used to determine qualities using the steady state portion of the operational data.  A screenshot of the 
spreadsheet set up is given in 1250HFigure 6.10.  Approximate flow rates, temperatures, pressures, and enthalpy values are 
placed in the appropriate cells for the turbine, feedwater heaters, and condenser since those systems are all required 
to determine the turbine work using an energy balance.  The turbine work using method II is calculated based on the 
cell data.   
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Another block of cells, shown in the bottom right hand corner of 1251HFigure 6.10, lists the saturated vapor and liquid 
values for the enthalpy and entropy values at extraction 1 and the exhaust.  The enthalpy and entropy at extraction 1 
and the exhaust are calculated based on the saturated vapor and liquid thermodynamic properties and an estimated 
quality.   
 
 
Figure 6.10: Screenshot of spreadsheet used to determine the quality at extraction 1 and the turbine exhaust.  
 
Excel Solver is used to find the minimum error between the two work methods by changing the quality values and 
ensuring that there is no decrease in entropy between any of the extraction points in the turbine.  Initially, the heat 
loss percentage, turbine efficiency, and boiler feed pump turbine efficiency were included as variables in the Solver.  
Eventually, the heat loss and efficiencies were removed because although they reduced the error, they did so in a 
way that was unrealistic (such as zero heat loss or 100% efficiency).  Using this method, the qualities of xext. 1 = 0.97 
and xexhaust= 0.89 were found.  Problems arose, however, when the found qualities were applied to the whole set of 
operational data.  As shown in 1252HFigure 6.11, the entropy values at extraction 2 exceed the entropy values of extraction 
1 and the exhaust during low load time periods.   
 
In order to fix the turbine quality problem, a second Excel spreadsheet was made to determine the qualities when the 
plant operates at low load.  It was found that at low load the quality at extraction 1 is approximately 0.99 and at the 
exhaust it is approximately 0.90.  Using the appropriate qualities depending on the plant load, 1253HFigure 6.12 is found.  
The improvement is substantial, however, there are still a number of times when the entropy at extraction 2 is higher 
than the other two locations.  It is possible that at lower loads the steam remains in the superheated region through 
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the entire turbine.  Since only the pressure or the temperature is available at the last two turbine locations, this 
hypothesis cannot be tested.   
 
 
Figure 6.11: Original qualities with high and low load scenarios.  
 
 
Figure 6.12: Entropy at extraction 2, extraction 1, and turbine exhaust using variable qualities. 
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6.4.1.2. 146BTurbine Work Error 
Comparing turbine work calculated from each method will help gauge the accuracy of the thermodynamic model.  
The work found using Equation 1254H(4.52) is assumed to be accurate because it relies on the fewest assumptions.  The 
error between the two methods is given in Equation (6.1). 
 
݁ݎݎ݋ݎௐሶ ೅ ൌ 100 ൈ
൫ ሶܹ ்ூ െ ሶܹ ்ூூ൯
ሶܹ ்ூ
 
 
(6.1)  
 
Using data from 1255HTable 6.22 and 1256HTable 6.23, the average error is found to be about 17%.  Preferably this error would 
be smaller, however, for a model of this size it is not unreasonable.  The turbine work using method I relies on two 
pieces of information: the measured generator power export and the assumed generator efficiency.  The turbine 
work using method II, on the other hand, relies on the analysis of each of the five feedwater heaters, the boiler feed 
pump, and the boiler feed pump turbine.  Additionally, the turbine work relies on 32 sensors for temperature, 
pressure, and flow rate data, each of which has a range of accuracy errors.  Even if each assumption is reasonable, 
the errors accumulate and surface in the turbine work. 
6.4.2. 101B oiler Errors and Iterations 
The boiler system has a large impact on the overall power plant system, and so the system model should be 
validated in all possible ways.  The boiler heat loss and the boiler emissions results will be discussed and compared 
to other available models in the sections below.   
6.4.2.1. 147B oiler Heat Loss 
The average boiler heat loss from both boilers according to the thermodynamic model is 35.47 MW, as shown 
in 1257HTable 6.18 in Section 1258H6.3.  The percent heat loss is the ratio between the heat loss value and the total heat entering 
the boiler from culm.  Since the average total input of heat energy is 275.44 MW, the average heat loss percentage 
of the boilers is 12.88%.  Lu et al. [1259H 9] modeled the dissipating heat loss from two CFB boilers.  It was found that 
the boilers had approximate heat loss values of 3% of the input heat.  Using Equation 1260H(4.154), which applies the 3% 
heat loss, the boiler heat loss is found to be 8.26 MW.  There is a difference of almost 10% between the two 
methods of boiler heat loss calculation. 
 
There are a number of factors that explain the difference.  First, the estimated heat loss found by Lu et al. was 
determined for much larger boilers (300 MWe) than used at the cogeneration power plant (44 MWe each).  
Generally speaking, if two boilers of different sizes are both operating at the same percent full load, the larger of the 
boilers will have a smaller heat loss percentage [61F 2], which implies that the percent heat loss from the cogeneration 
power station boilers could be greater than the estimated 3% found in literature. 
 
Secondly, the boiler energy analysis is based on a number of simplifications and average data.  The ultimate and 
proximate analyses are not available at the almost continuous rate the plant operational data are recorded at.  This 
means that the energy and exergy values used for the culm and flue gas streams through the boiler analysis do not 
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exactly coincide with the actual values at a given time set of data.  The culm and limestone are fed into the boiler via 
conveyor belts.  The operational data for the culm and limestone feeds are based on the conveyor speed and so do 
not give an exact flow rate on a mass basis.  The difference between the actual and calculated energy and exergy 
streams into the boiler could help account for the difference in the boiler heat loss values.   
6.4.2.2. 148B oiler Emissions 
Estimated values for the SOx, NOx, and CO2 levels leaving the power plant are generated based on the fuel and 
limestone use and the boiler reactions listed in Reactions 1261H(3.2)-1262H(3.10).  The plant has provided limited CEMS data 
(see Section 1263H .4) to which the calculated emissions may be compared.  The CEMS data is given in concentration, 
not in mass flow rates, so the CEMS data is converted to mass flow rate using ideal gas assumptions before the 
comparison is made.  The average CEMS data used for the boiler emissions error check are given in 1264HTable 6.27. 
 
Table 6.27: Average CEMS data for total stack flow rate, concentration of SO2 and NOx, and temperature. 
Stack flow rate 
(ft3/h) 
Concentration 
SO2 (PPM) 
Concentration
NOx (PPM) 
Temperature
(deg F) 
1.49E+07 139.28 17.97 190 
   
The estimated average molar mass of the flue gas is determined using the molar mass and flow rates of the flue gas 
components calculated through the boiler analysis.  The flue gas composition data is given in 1265HTable 6.28. 
 
Table 6.28: Flue gas data used to calculate an estimated flue gas molar mass.  
Type 
Molar weight 
(kg/kmol) 
Total flue gas flow 
(kg/s) 
Total flue gas flow 
(kmol/s) 
Mole 
fraction 
Fraction Total 
Molar Weight 
O2 32 1.41 0.04 0.01 0.36
N2 28.01 84.53 3.02 0.77 21.47
CO2 44.01 27.15 0.62 0.16 6.89
H2O (g) 18.02 4.62 0.26 0.07 1.17
SO2 64.06 0.06 0.0009 0.0002 0.01
CaSO4 136.142 0.19 0.0014 0.0004 0.05
NO 30.0061 0.00 0.0001 0.0000 0.0007
Total   117.95 3.94   29.96
 
Using the molar weight of the flue gas calculated in 1266HTable 6.28, the density of the flue gas is found to be 0.773 
lbm/ft3.  Using the flue gas density, the mass flow rate of the flue gas, SO2, and NOx may be found.  The resulting 
flow rates are compared to the calculated estimated emissions in 1267HTable 6.29. 
 
Table 6.29: Flow rates of stack flow, SO2, and NOx.   
 
Stack flow 
rate (kg/s) 
Flow rate of SO2 
(kg/s) 
Flow rate of NOx 
(kg/s) 
CEMS data 145.06 0.0202 0.0026 
Calculated data 117.95 0.0575 0.0026 
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As discussed in Section 1268H4.5.1.3, the NO emission calculations are based on the CEMS data, and so the error between 
the two is zero on average.  The SO2 emissions were not based on the CEMS data since the reactions that produce 
SO2 are better understood than those for NO production.  It is readily observed, however, that the SO2 emissions 
deviate significantly from the CEMS data.   
 
There are a number of reasons for the deviations.  First, the CEMS data collected is for a single month- January, 
2009.  The culm and limestone flow rates corresponding to the CEMS data are unknown, so there is likely a 
difference between the calculated and CEMS data due to different flow rates.  There is also the issue of the reaction 
model accuracy.   In reality, many more reactions occur through the combustion process, and reaction rates depend 
on many factors, including temperature, particular surface areas, and time [62F 3].   The possibility of further exploring 
the boiler reactions is discussed in Section 1269H .6.1.   
 
The calculated emissions levels are not used within this work to quantify the plant environmental performance 
because of the large difference compared to the CEMS data.  The calculated emissions may be used to measure the 
relative performance of the improvement scenarios, and the CEMS data may be compared to the emissions in other 
SimaPro models.   
6.5. 49BThermodynamic Comparisons and Discussion 
The baseline plant performance has been established.  Over an eight month period, the plant had an average thermal 
efficiency of 25.7% and an exergy efficiency of 24.3%.  The improvement scenarios modeled in Section 1270H4.6.3 will 
be discussed in the following sections.  The relative advantages and disadvantages of each scenario will be 
discussed.   
6.5.1. 102BCogeneration Steam Use 
Examining the plant exergy efficiency in Equation 1271H(4.207), it is observed that an increase in the process steam use 
will increase the overall plant efficiency.  Using the procedure outlined in Section 1272H4.6.3.1., the process steam use is 
increased from an average flow rate of 1.00 kg/s to an average flow rate of 2.83 kg/s as given in 1273HTable 6.30.  1274HFigure 
6.3 may be used for reference. 
 
Table 6.30: Turbine flow rates with the current and increased process steam use. 
Location 
reference 
number 
Current 
(kg/s) 
Increased 
process steam 
use (kg/s) 
T25 1.00 2.83 
T1 84.86 
T2 5.45 7.28 
T3 5.89 
T4 21.67 
T5 3.68 
T6 3.83 
T7 44.34 42.52 
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The process steam use is almost tripled when the maximum amount is used.  The increased process steam increases 
the flow out of extraction 5 (T2) in order to provide for the extra steam use.  Consequently, the flow rate at the 
turbine extraction is decreased. 
 
The thermodynamic performance of the turbine and complete power plant also change with the increase in process 
steam use, as seen in 1275HTable 6.31.  It is found that the overall exergy performance of the plant is increases and the 
energy performance decreases with the increased use of process steam.  The thermal efficiency, calculated using 
Equation 1276H(4.202), is the ratio between the electricity leaving the plant and the energy entering the plant in the fuel.  
Since the fuel use is the same with the current and increased process steam use, and since the increased process 
steam means less electricity is generated, the thermal efficiency decreases.  The exergetic efficiency, however, 
increases by a small amount.  The exergetic efficiency counts the process steam as a useful product of the plant, and 
so the overall plant exergetic efficiency increases.   
 
Table 6.31: Turbine and plant performance with and without increased process steam use. 
Parameter Current Increased process steam use Equation used 
ሶܹ ்ூூ 68.75 67.51 1277H(4.56) 
ሶܳ ௟,்ூூ -0.96 -0.94 1278H(4.51) 
ሶܳ ௣௥௢௖௘௦௦ -2.97 -8.38 1279H(4.58) 
ߟ௦,் 0.7920 0.7916 1280H(4.59) 
ሶॱ ௣௥௢௖௘௦௦ -1.20 -3.07 1281H(4.77) 
ሶॱ ௗ,்ூூ 14.53 14.22 1282H(4.75) 
ߝ்ூூ 0.584 0.574 1283H(4.76) 
ሶܹ ௉,௘௫௣௢௥௧ 57.73 56.55 1284H(4.200) 
ܧܷܨ௉ 0.220 0.235 1285H(4.201) 
ߟ௧௛ 0.209 0.205 1286H(4.202) 
ሶॱ ௢௨௧,௨,௉ 58.82 59.62 1287H(4.209) 
ߝ௉ 0.198 0.201 1288H(4.207) 
6.5.2. 103BTurbine Reheat 
When the reheat scenario, modeled in Section 1289H4.6.3.2, is performed, the data given in 1290HTable 6.32 and 1291HTable 6.33 are 
found.  The reheat steam flow is found to be 51.85 kg/s using Equation 1292H(4.216).  The flow rate of steam leaving the 
turbine prior to extraction 3 is found to be 73.53 kg/s using Equation 1293H(4.213). 
 
A T-s diagram comparing the turbine steam with the current plant configuration and the reheat scenario are given 
in 1294HFigure 6.13.  The T-s diagram shows how the temperature and entropy increase between T4 and R2 as the steam 
passes back through the turbine.  In the reheat scenario the turbine exhaust is well into the superheated region, 
whereas the current system has a vapor/liquid mixture at the last two extractions.   
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Table 6.32: Operational data used and calculated in turbine reheat analysis. 
Location 
Reference 
Number 
SI Units English Units 
Flow Rate 
(kg/s) 
Temperature  
(oC) 
Pressure 
(bar) 
Flow Rate 
(KPPH) 
Temperature 
(oF) 
Pressure 
(psi) 
T1 84.86 501.19 96.57 673.53 934.14 1400.69 
T2 5.45 289.18 17.76 43.25 552.52 257.58 
T3 5.89 236.23 9.92 46.71 457.21 143.89 
T4 21.67 175.27 4.73 172.03 347.48 68.59 
R1 51.85 175.27 4.73 51.85 175.27 4.73 
R2 51.85 394.02 4.73 51.85 394.02 4.73 
T5’ 3.68 262.68 1.49 3.68 262.68 1.49 
T6’ 3.83 183.87 0.66 3.83 183.87 0.66 
T7’ 44.34 73.55 0.09 44.34 73.55 0.09 
 
Table 6.33: Thermodynamic properties at all locations with turbine reheat. 
Location 
Reference 
Number 
SI Units English Units 
Enthalpy 
(kJ/kg) 
Entropy 
(kJ/kg-K) 
Exergy 
(kJ/kg) 
Enthalpy 
(Btu/lb) 
Entropy 
(Btu/lb-oR) 
Exergy 
(Btu/lb) 
T1 3382.26 6.62 1502.75 1454.10 1.58 646.06 
T2 3006.29 6.80 1077.20 1292.47 1.62 463.11 
T3 2912.92 6.88 960.65 1252.32 1.64 413.00 
T4 2803.80 6.98 822.19 1205.41 1.67 353.48 
R1 2803.80 6.98 0.824 2803.80 6.98 0.354 
R2 3260.20 7.80 1.04 3260.20 7.80 0.449 
T5’ 2998.30 7.89 0.757 2998.30 7.89 0.325 
T6’ 2845.40 7.96 0.585 2845.40 7.96 0.251 
T7’ 2637.20 8.36 0.264 2637.20 8.36 0.113 
 
 
Figure 6.13: T-s diagram of steam through turbine with and without reheat.   
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The energy analysis for the turbine reheat scenario is tabulated in Table 6.34 along with turbine data using method 
II, repeated from 1295HTable 6.16.  The reheat is compared to the turbine analysis using method II because both models 
depend on energy balances.  Even though method I is more accurate, method II will be more comparable to the 
reheat analysis.  The introduction of turbine reheat increases the heat loss, but it more significantly increases the 
production of electricity.  The isentropic efficiency drops with reheat because the extra process increases the entropy 
production.  The required extra heat energy requires an extra 1.52 kg/s of culm.  
 
Table 6.34: Comparison of baseline turbine energy performance to performance with reheat. 
Parameter Value for current plant (MW) 
Value with reheat  
(MW) Equation used 
ሶܳ ௟,்ூூ -0.96 -1.06 1296H(4.51) 
ሶܹ ்ூூ 68.75 76.32 1297H(4.56) 
ሶܹ ௚௘௡,்ூூ 65.311 72.50 1298H(4.57) 
ሶܹ ௦,் 86.508 97.92 1299H(4.60) 
ߟ௦,் 0.792 0.779 1300H(4.59) 
ሶܳ ோ -- 23.67 1301H(4.228) 
 
The reheat exergy analysis is compared to the exergy analysis for the turbine using method II in 1302HTable 6.35.  
Although the isentropic efficiency of the turbine goes down with the introduction of reheat, the exergetic efficiency 
goes up since more electricity is produced and electricity is a very high quality form of energy.  There is also more 
exergy destruction with the reheat because, as mentioned before, the extra process creates more entropy. 
 
Table 6.35: Exergy analysis for turbine with and without reheat. 
Parameter Value for current plant (MW) 
Value with reheat  
(MW) Equation used 
ሶॱ ௟,்ூூ -0.05 -0.06 1303H(4.71) 
ሶॱ ௗ,்ூூ 14.53 16.50 1304H(4.75) 
ߝ்ூூ 0.584 0.658 1305H(4.76) 
 
Finally, some of the total plant energy performance parameters may be used for comparison, given in 1306HTable 6.36.  It 
may also be found that the total useful heat transfer with reheat is 235.71 MW using Equation 1307H(4.150).  The plant 
exergy performance comparisons are made in Table 6.37, which shows the turbine exergy efficiency increases with 
turbine reheat. 
 
Table 6.36: Plant energy parameters with and without reheat. 
Parameter Value for current plant  (MW) 
Value with reheat 
(MW) Equation used 
ሶܳ ௉,௜௡ 275.44 299.11 1308H(4.198) 
ሶܹ ௉,௘௫௣௢௥௧ 57.73 64.92 1309H(4.200) 
ܧܷܨ௉ 0.220 0.227 1310H(4.201) 
ߟ௧௛ 0.209 0.217 1311H(4.202) 
 
150 
Table 6.37: Plant exergy parameters with and without reheat. 
Parameter Value using method TII  (MW) 
Value with reheat 
(MW) Equation used 
ሶॱ ௢௨௧,௨,௉ 58.82 66.01 1312H(4.205) 
ߝ௉ 0.198 0.211 1313H(4.207) 
 
Overall, the reheat scenario will reduce the wear on the turbine blades while producing a greater amount of usable 
energy.  The total plant efficiencies, both in terms of energy and exergy, increase a small amount with reheat.  The 
turbine isentropic efficiency decreases slightly, but the turbine exergy efficiency increases.   
 
The down side of the turbine reheat is the high initial costs to purchase and install the turbine with reheat.  If the 
plant is to consider this option they would likely wait until a new turbine is required to buy the reheat turbine.  The 
reheat scenario also consumes more fuel, which corresponds to an increase in emissions.  Depending on changes to 
regulatory policy and the economy the plant may or may not want to consider the turbine option.     
6.5.3. 104BEffects of Plant Operational Load 
The effects of the operational load can be quantified to a point by generating plots of certain performance 
parameters vs. the plant load as indicated by the generator output.  The load will be plotted against the plant 
exergetic and thermal efficiency (1314HFigure 6.14) and the total plant exergy destruction ( 1315HFigure 6.15).  From the plots it 
may be observed that the plant operations used in this data are primarily in the high load region by the density of the 
data points in the 80-90 MW generator export range.  There is also a high density of data points in the 55-60 MW 
range.   
 
1316HFigure 6.14 shows that the plant efficiencies increase when the plant operates at a higher load, however, 1317HFigure 6.15 
also shows that the exergy destruction through the plant increases in the upper range of generator export.  The 
operational load plots suggest that it makes sense for the plant to operate at a higher operational load whenever 
possible since the plant operates more efficiently overall.  The outlier data could be from rare combinations of plant 
operational conditions or from sensor errors that did not surface during normal analysis.  
 
When the actual data for the different operational loads are compared in 1318HTable 6.38, it is found that energy and 
exergy efficiency values for plant components and the overall plant increase as the operational load increases except 
for the exergy loss and exergy destruction values, which are highest during the transient phase.  The increased 
exergy destruction implies that more irreversabilies occur in the system when the plant is not in steady state.  From 
low load to high load the overall plant exergetic efficiency increases from 23.2% to 25.1%.  It should be stressed 
that the model is not dynamic, and so the transitional load is a steady state analysis using transitional data. 
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Figure 6.14: Plot of generated export and plant efficiencies. 
 
 
Figure 6.15: Total plant exergy destruction as a function of the generator export.   
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Table 6.38:  Average performance parameters at low, transitional, and high plant operational loads. 
Parameter Low load Transitional load High load Equation used 
ߟ஻,௔௩௚ 0.775 0.755 0.790 1319H(4.171) 
ߝ௔௩௚,஻ -0.54 -0.53 -0.55 1320H(4.196) 
ߟ௦,் 0.77 0.80 0.80 1321H(4.59) 
ሶܳ ௉,௜௡ 210.25 288.51 300.89 1322H(4.198) 
ሶܳ ௉,௟ -98.09 -149.80 -152.12 1323H(4.197) 
ሶܹ ௉,௘௫௣௢௥௧ 50.96 70.57 79.48 Operational data 
ܧܷܨ௉ 0.257 0.260 0.275 1324H(4.201) 
ߟ௧௛ 0.245 0.248 0.265 1325H(4.202) 
ሶॱ ௜௡,௧௢௧௔௟,௉ 229.63 314.65 328.32 1326H(4.208) 
ሶॱ ௢௨௧,௨,௉ 51.82 71.84 80.63 1327H(4.206) 
ሶॱ ௟,௉ -4.47 -10.01 -9.20 1328H(4.203) 
ሶॱ ௗ,௉ 111.44 148.70 147.02 1329H(4.204) 
ߝ௉ 0.232 0.235 0.251 1330H(4.207) 
6.5.4. 105BEffects of Reference Condition Selection 
The results given so far have used realistic reference conditions, however, in order to compare results with many 
similar analyses in literature, standard conditions are also used.  Since exergy analyses depend largely on reference 
conditions, it’s important to examine how the reference condition affects the results.  1331HTable 6.39 gives some of the 
plant performance parameters.  Note that the energy parameters are equal in both cases, but the exergy parameters 
are different.  The largest differences are seen between the total plant exergy loss, the exergy destruction, and the 
total exergy out.  The baseline exergy loss is -8.09 MW, while the same parameter with standard conditions is -1.54 
MW.  The exergy destruction value is 137.87 MW for the baseline and 143.13 MW for the standard conditions.  The 
total exergy out of the plant for the baseline model is 202.11 MW and with standard conditions is 94.49 MW. 
 
Table 6.39: Comparison of baseline with analysis using standard conditions. 
Parameter Baseline  Baseline with Standard Conditions Equation used 
ሶܳ ௉,௟ -137.74 -137.74 1332H(4.197) 
ሶܳ ௉,௜௡ 275.44 275.44 1333H(4.198) 
ሶܹ ௉,௘௫௣௢௥௧ 70.69 70.69 1334H(4.200) 
ሶܹ ௉,௜௡௧௘௥௡௔௟ 7.58 7.58 1335H(4.199) 
ܧܷܨ௉ 0.268 0.268 1336H(4.201) 
ߟ௧௛ 0.257 0.257 1337H(4.202) 
ሶॱ ௟,௉ -8.09 -1.54 1338H(4.203) 
ሶॱ ௗ,௉ 137.87 143.13 1339H(4.204) 
ሶॱ ௘௫௣௢௥௧ 70.69 70.69 1340H(4.205) 
ሶॱ ௢௨௧,௨,௉ 58.82 58.72 1341H(4.206) 
ሶॱ ௜௡,௧௢௧௔௟,௉ 300.58 300.87 1342H(4.208) 
ሶॱ ௢௨௧,௧௢௧௔௟,௉ 102.11 94.49 1343H(4.209) 
ߝ௉ 0.198 0.198 1344H(4.207) 
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6.5.5. 106BLiterature 
The boilers of this plant are also compared to a number of other boiler technologies.  The boiler comparison is 
important since the most unique aspect of this plant is the boiler and fuel combination.  Due to the importance of the 
boiler performance in the overall plant performance, the boiler comparison should be indicative of the comparative 
performance of the power plant overall.   
 
Energy and exergy analyses are performed on a number of non-CFB steam boilers [1345H 2] using standard reference 
conditions.  It is found that the boiler energy efficiencies range from 72.46% for a boiler using nanofluids [1346H52], to 
84% for a boiler using sugarcane bagasse [63F 4], to 93.76% for a boiler using heavy fuel oil [64F 5].  Results found 
through this work, 78.1%, are well within this range.  Boiler exergy efficiencies have been given as 24.89% [1347H52], 
27.6% [1348H64], and 43.8% [1349H65].  The exergy efficiency for the boilers in this analysis, 53.6%, is higher than these 
analyses.  These results suggest that CFB boilers using culm create less exergy destruction than a variety of other 
common steam boilers. 
6.6. 50BRecommendations for Future Work 
A system as complex as a large scale power plant has hundreds of possible areas for further research and modeling.  
A number of those possibilities are selected and discussed here as promising areas of discussion.   
6.6.1. 107B oiler Chemical Reaction Analysis 
The least understood aspect of this work is the boiler combustion process.  In reality, boiler reactions and reaction 
rates depend on the temperature, particle size, residence time, distribution, and location within the boiler.  A huge 
number of variables are open to examination with the boiler reaction analysis.   
 
A clear model of the boiler reactions would give stronger predictions of how certain improvements impact the 
emissions of the plant.  The current model predicts emissions based on the amount of fuel use, but in reality there 
are many more factors at play.  A detailed chemical analysis of the boiler could help the plant engineers choose 
optimal temperatures and flow rates for minimizing emissions and/or improving thermodynamic performance.  
Also, if the plant had a reliable way to measure the SO2 emissions leaving each plant they could reduce limestone 
use by only increasing limestone in the boiler that has high SO2 levels.  Currently limestone addition is increased in 
both boilers if high SO2 levels are detected at the stack. 
 
Another area to explore with the chemical reactions is the effects of reduced carbon residue in the ash.  Currently the 
residue carbon in around 9% of the ash; a decrease in the residue carbon would increase the heat released during 
combustion, but it would also increase the about of CO2 released.  An optimal residue carbon percentage could be 
determined in terms of boiler efficiency, emissions reduction, or economic benefit.  It may also be found that the 
percent carbon residue is insignificant.   
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6.6.2. 108BCulm Preheat or Drying Using Process Steam 
The generated steam is currently used for process heating of the plant offices and machine shop and the nearby 
prison facility.  There may, however, be other uses for the steam.  During the cold winter months, the plant often has 
a problem with the moist culm freezing and clumping, causing problems with the culm feed system.  At times, the 
clumping is bad enough that the entrance into the culm silo is effectively blocked and plant personnel must manually 
unclog the silo opening.  A number of issues arise from this: first, plant personnel have to spend time monitoring 
and attending to the culm feed.  Second, if the silo opening is not unclogged before the silo empties, the power 
station must use fuel oil as an alternative, which is more expensive than culm.  In order to reduce this problem, it is 
possible that some of the cogeneration steam could be redirected to help pre-heat or dry the culm before it enters the 
plant.   
 
The process steam could flow around the culm conveyor belt in order to prevent freezing or the fuel could be dried.  
The heating process could be applied at a low level as or before the culm enters the plant, or at a more intensive 
level right before the culm is deposited in the silo.  It has already been shown from this analysis that increasing the 
process steam use improves the overall plant efficiencies.  More heat would be required to dry the fuel, but the 
energy and exergy of the fuel would also increase more than with a low level of heating.   
 
The change in the energy and exergy values of the fuel could greatly affect the analysis of the boiler and the plant as 
a whole because of the decrease in moisture in the fuel.  The plant currently does not use the maximum available 
process steam because electricity is more valuable, however, the decrease in problems and man-hours which the 
culm pre-heating may cause could be worth the decrease in electricity production.    
6.6.3. 109BThermoeconomic Analysis 
Currently there is no thermoeconomic analysis of the plant, largely due to the lack of economic data for the streams 
into and out of the plant.  A thermoeconomic analysis could be coupled with the various analyses for the current 
plant configuration and the improvement scenarios to help understand the economic feasibility of the improvement 
suggestions.  The thermoeconomics of the cogeneration power plant could also be compared to thermoeconomic 
analyses to understand if and how the costs of electricity production differ between the different technologies.   
6.6.4. 110BCooling Tower Analysis 
Another possible area for future work is the cooling tower analysis.  As discussed in the description of the plant, the 
cooling tower utilizes four fans: three fixed speed and one variable speed.  The variable speed fan is a much more 
efficient method of moving air through the towers, however, the initial cost of the equipment is higher.   
 
The analysis of the benefits of replacing one to all of the fixed speed fans with variable speed fans could be 
performed along with a time-to-payback analysis.    
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6.7. 51BGeneral Summary and Discussion  
A thermodynamic model of a cogeneration power plant is generated.  The model incorporates energy and exergy 
analyses of the power plant’s boilers, turbine, feedwater heater system, and condenser.  An analysis of the plant on a 
whole is also produced.  The plant is found to have a thermal efficiency of 25% and an exergetic efficiency of 24%.  
Actual operational data is used for model validation. 
 
Three improvement scenarios are explored: increased use of process steam, turbine reheat, and optimal operational 
load.  As far as possible, the three improvement scenarios are quantified using the same parameters as used on the 
current plant.  It is found that the turbine reheat and the increased process steam use both increase the turbine 
efficiency and the overall plant efficiencies.   
 
The environmental aspects of the plant, mainly the use of culm and the plant’s land reclamation project, are 
examined and compared to the environmental aspects of a traditional coal fired plant and a wind farm.  It is found 
that the environmental impact of the cogeneration power plant can be considered less than that of a coal fired plant 
and more than that of a wind farm.  The question of how to quantify the land reclamation and “reverse land use” 
(meaning the land starts in a less natural state and the move towards more natural is expedited by the power plant 
processes) is brought up since the land use is one of the more unique aspects of the plant.   
 
Although the cogeneration system discussed is not environmentally benign, it has many improvements over a coal 
fired plant, namely that it cleans up a pollutant instead of mining for fresh coal.  A potentially interesting way to 
examine and think of this particular plant is that it is a cleanup facility (of the culm scared areas) with the extra 
benefits of electricity and steam production.  When considering the environmental and social benefits of the 
cogeneration power plant it is important to keep in mind that if the electricity generated at the plant were not 
produced at the cogeneration plant, it would be produced elsewhere.  Comparatively, the cogeneration power station 
has many benefits to other power sources, especially coal fired plants.     
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Appendix A: 12BTabulated Thermodynamic and Chemical 
Properties  
Appendix A contains the thermodynamic data used through this work that is not calculated through the MatlabTM 
code.  The code calculates the properties for water, steam, and air.   1350HTable A.1 lists the data required for the analysis 
on a molar basis.  1351HTable A.2 lists data on a mass basis.   
 
Table A.1: Tabulated thermodynamic and chemical properties on a molar basis. 
Substance 
Molar 
Mass 
(kg/kmol) 
ࢎഥࢌ
࢕ 
(kJ/kmol) 
࢙ത࢕ 
(kJ/kmol-
K) 
ࢉത࢖ 
(kJ/kmol-
K) 
অഥ࡯ࡴ 
(kJ/kmol) 
Moisture 18.02 -- 69.948 -- 2.771615 
C 12.01 -- -- -- 2844.285 
H 1.008 -- -- -- -- 
N 14.01 -- -- -- -- 
S 32.0655 -- -- -- -- 
O 16 -- -- -- -- 
CaCO3 100.0875 -120.4897 -- 0.007926 0.099826 
CaO 56.077 -- --  -- 
O2 32 -- 205.146  3.876953 
N2 28.01 -- 191.61  0.917712 
C O2 44.01 -203.1721 213.794 0.018023 10.25877 
H2O 18.02 -- 188.824 -- 29.25594 
S O2 64.06 -72.1547 284.094 0.009718 76.37041 
CaSO4 136.1416 -77.2987 -- 0.005376 -- 
NO 30.0061 -- -- -- 98.73762 
-- indicates data not necessary for analysis 
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Table A.2: Tabulated thermodynamic and chemical properties on a mass basis. 
Substance 
ࢎഥࢌ
࢕ 
(kJ/kg) 
࢙ത࢕ 
(kJ/kg-K) 
ࢉത࢖ 
(kJ/kg-K) 
অഥ࡯ࡴ 
(kJ/kg) 
Moisture -- 1260.463 -- 49.94451 
C -- -- -- 34159.87 
H -- -- -- --
N -- -- -- --
S -- -- -- ----
O -- -- -- --
CaCO3 -12059.5 -- 0.79331 9.991308 
CaO -- -- -- --
O2 -- 6564.672 -- 124.0625 
N2 -- 5366.996 -- 25.70511 
C O2 -8941.6 9409.074 0.7932 451.4883 
H2O -- 3402.608 -- 527.192 
S O2 -4622.23 18199.06 0.62251 4892.288 
CaSO4 -10523.6 -- 0.731936 -- 
NO -- -- -- 2962.731 
-- indicates data not necessary for analysis 
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Appendix B: 13BOriginal Operational Data 
Operational data for boiler 1 are given in 1352HTable B.1.  The operational data for boiler 2 are given in 1353HTable B.2.  Units 
that deviate from the listed units in the table header are noted.  Refer to 1354HFigure 4.39 for location reference numbers.  
The original operational data for the turbine is given in 1355HTable B.3.  Refer to 1356HFigure 4.19 for location reference 
numbers.  The original operational data for the feedwater heater system is given in 1357HTable B.4.  Refer to 1358HFigure 4.5  
for location reference numbers.  The original operational data for the condenser system is given in 1359HTable B.5.  Refer 
to 1360HFigure 4.21 for location reference numbers. 
 
Table B.1: Original operational data for boiler 1. 
Location 
Reference 
Number 
SI Units English Units 
Flow 
Rate 
(kg/s) 
Temperature 
(oC) 
Pressure
(bar) 
Flow 
Rate 
(KPPH) 
Temperature
(oF) 
Pressure 
(psi) 
B1 43.32 202.14 135.24 343.83 395.86 1961.42 
B2 43.50 495.63 100.46 344.43 924.14 1457.02 
B3 -- -- -- -- -- -- 
B4 4.12 -- -- 32.70 -- -- 
B5 4.66 -- -- 37.02 -- -- 
B6 0.04 -- -- 280.52 -- -- 
B7 0.03 -- -- 264.37 -- -- 
B8 -- 433.73 -- -- 812.71 -- 
B9 -- 167.95 -- -- 334.31 -- 
B10 -- -- -- -- -- -- 
B11 19.43 40.44 -- 154.23 104.79 -- 
B12 17.74 -- -- 140.78 -- -- 
B13 1.68 -- -- 13.35 -- -- 
B14 1.70 -- -- 13.50 -- -- 
B15 1.76 -- -- 13.94 -- -- 
B16 3.39 42.76 -- 26.89 108.97 -- 
B17 7.35 -- -- 58.36 -- -- 
-- indicates operational data not available 
*pounds per hour 
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Table B.2: Original operational data for boiler 2. 
Location 
Reference 
Number 
SI Units English Units 
Flow 
Rate 
(kg/s) 
Temperature  
(oC) 
Pressure 
(bar) 
Flow 
Rate 
(KPPH) 
Temperature 
(oF) 
Pressure 
(psi) 
B1 41.64 202.15 135.14 330.47 395.87 1959.99 
B2 41.47 504.85 101.13 329.10 940.73 1466.80 
B3 -- -- -- -- -- -- 
B4 4.21 -- -- 33.39 -- -- 
B5 4.66 -- -- 37.00 -- -- 
B6 0.03 -- -- 259.77 -- -- 
B7 0.03 -- -- 274.99 -- -- 
B8 -- 437.75 -- -- 819.94 -- 
B9 -- 162.07 -- -- 323.72 -- 
B10 -- -- -- -- -- -- 
B11 19.24 42.15 -- 152.67 107.88 -- 
B12 18.10 -- -- 143.62 -- -- 
B13 1.70 -- -- 13.50 -- -- 
B14 1.82 -- -- 14.42 -- -- 
B15 1.71 -- -- 13.54 -- -- 
B16 3.77 42.93 -- 29.94 109.27 -- 
B17 7.50 -- -- 59.53 -- -- 
-- indicates operational data not available 
*pounds per hour 
 
Table B.3: Original operational data for turbine. 
Location 
Reference 
Number 
SI Units English Units 
Flow Rate 
(kg/s) 
Temperature 
(oC) 
Pressure 
(bar) 
Flow 
Rate 
(KPPH) 
Temperature 
(oF) 
Pressure 
(psi) 
T1 -- 501.19 96.57 -- 934.14 1400.69 
T2 -- 289.18 17.76 -- 552.52 257.58 
T3 -- 236.23 9.92 -- 457.21 143.89 
T4 -- 236.98 4.73 -- 458.56 68.59 
T5 -- 121.80 1.49 -- 251.25 21.68 
T6 -- -- 0.66 -- -- 9.58 
T7 -- 43.55 -- -- 110.39 -- 
T25 1.00 -- -- 7.94 -- -- 
Power 
Exports MW 
Generator 78.27 
Plant 70.69 
-- indicates operational data not available 
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Table B.4: Original operational data for feedwater heaters. 
Location 
Reference 
Number 
SI Units English Units 
Flow 
Rate 
(kg/s) 
Temperature  
(oC) 
Pressure 
(bar) 
Flow Rate 
(KPPH) 
Temperature 
(oF) 
Pressure 
(psi) 
F1 -- 40.13 -- 898.20* 104.23 -- 
F2 -- -- -- -- -- -- 
F3 -- 117.52 -- -- 243.53 -- 
F4 -- 153.14 -- -- 307.66 -- 
F5 -- 155.77 -- -- 312.38 -- 
F6 -- 176.04 -- -- 348.87 -- 
F7 -- 202.14 135.24 -- 395.86 1961.42 
F8 -- -- -- -- -- -- 
F9 -- 47.39 -- -- 117.30 -- 
F10 -- -- -- -- -- -- 
F11 -- 89.37 -- -- 192.87 -- 
F12 -- -- -- -- -- -- 
F13 -- -- -- -- -- -- 
F14 -- 165.77 -- -- 330.39 -- 
F15 -- -- -- -- -- -- 
F16 -- 185.06 -- -- 365.10 -- 
-- indicates operational data not available 
*gallons per minute 
 
Table B.5: Original operational data for condenser. 
Location 
Reference 
Number 
SI Units English Units 
Flow 
Rate 
(kg/s) 
Temperature  
(oC) 
Pressure 
(bar) 
Flow Rate 
(KPPH) 
Temperature 
(oF) 
Pressure 
(psi) 
C1 -- 25.20 -- -- 77.17 -- 
C2 -- 34.94 -- -- 94.89 -- 
C3 -- -- -- -- -- -- 
C4 -- -- -- 26.76* -- -- 
C5 -- -- -- -- -- -- 
C6 -- -- -- -- -- -- 
C7 -- 39.67 -- -- 103.41 -- 
-- indicates operational data not available 
*gallons per minute 
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Appendix C: 14BMatlabTM code  
There are multiple parts to the MatlabTM code used in this analysis.  The program names and relationship to one 
another is shown in 1361HFigure C.1 where the arrows point from a sub-program to the program that calls on it.  Each of 
the nine programs will be given in this appendix.   
 
Figure C.1: Map of programs used in thermodynamic analysis. 
 
The program “Total_plant” defines the reference environment and model choice, imports the operational data, calls 
on the programs “FWH_Turbine_Condenser_properties”, “Culm_exergy_calculations”, “Boiler1_properties”, and 
“Boiler2_properties”, each of which determine all the required flow rate, temperature, pressure, and thermodynamic 
properties of the plant subsystems.  The code “fg” is called on by both sets of boiler code to determine the 
thermodynamic properties of the flue gas as outlined in Section 1362H4.5.1.4.  The “mass1” and “mass2” codes determine 
the composition of the flue gas and the flow rates of each component of the gas using the extent of reaction method 
described in Section 1363H4.5.1.3.  The code for the “Boiler1_properties” and “Boiler2_properties” are identical besides 
the changes in variables to represent the boiler number.  The same for “mass1” and “mass2”.  The final program, 
“Compare_models” is used to calculate the thermodynamic parameters discussed in Chapter 4. 
 
The code will be given in the following order: Total_plant, FWH_Turbine_Condenser_properties, 
Culm_exergy_calculations, Boiler1_properties, mass1, fg, Boiler2_properties, mass2, and Compare_models.   
 
  
Total_plant FWH_Turbine_Condenser_propertiesCulm_exergy_calculations
Boiler1_properties Boiler2_properties
fg mass2mass1
Compare_models
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% Code to calculate all necessary temperature, pressure, flow rate, 
% enthalpy, entropy, and exergy values for plant system 
%  
% Notes on imported data structures: 
% The data is split between four excel files:  
%    FWH.xls holds data for the feedwater heaters 
%    Tu.xls holds data for the turbine 
%    C.xls holds data for the condenser 
%    B1.xls holds data for boiler 1 
%    B2.xls holds data for boiler 2 
%  * Each row represents a time at which a measurement was taken.   
%        In the original excel files the time stamps are given. 
%  * Each system has a certian number of locations, X, of interest  
%        where data is taken (ex: the turbine has an inlet, 5 extraction 
%        points, and an exhaust, so X = 7) 
%  * Each excel file has a column for the flow rate at each location 
%        and then a column for the temperature at each location,  
%        and then a column for the pressure at each location.  This means 
%        the first 3X columns of each excel file hold the location property 
%        data.  Columns after that present to hold other relevant data. 
%************************************************************************** 
% Clear previous work 
    clear all 
    clc 
%************************************************************************** 
% Declare global variables 
    global Tb_B Tb_T Mn_B ref_env Season test tu c  
    global f b1 b2 UA_r UA_d prop M res 
%************************************************************************** 
% Declare environment and model selection     
    Tb_B = 305;      % Boiler room temp in K 
    Tb_T = 300.15;   % Turbine room temp in K 
    Season = 4;      % Season (spring =1, summer = 2, fall = 3, winter = 4) 
    ref_env = 1;     % Model selection for reference environment 
    Mn_B = 2;        % Model selection for boiler 
%************************************************************************** 
% Import Operational Data 
    f = xlsread('C:\Documents and Settings\wed8908\My 
Documents\MATLAB\FWH.xls');  % FWH data 
    tu = xlsread('C:\Documents and Settings\wed8908\My 
Documents\MATLAB\Tu.xls');  % Turbine data 
    c = xlsread('C:\Documents and Settings\wed8908\My 
Documents\MATLAB\Cond.xls'); % Condenser data 
    b1 = xlsread('C:\Documents and Settings\wed8908\My 
Documents\MATLAB\B1.xls');  % Boiler 1 data 
    b2 = xlsread('C:\Documents and Settings\wed8908\My 
Documents\MATLAB\B2.xls');  % Boiler 2 data 
     
    [row,col] = size(f); % Get row and column size for data  
  
    To = xlsread('C:\Documents and Settings\wed8908\My 
Documents\MATLAB\To.xls');  % Environmental temperatures 
     
% Import Culm Ultimate and Proximate Analyses    
    UA_d = xlsread('C:\Documents and Settings\wed8908\My 
Documents\MATLAB\UA_d_avg.xls'); % Dry basis 
    UA_r = xlsread('C:\Documents and Settings\wed8908\My 
Documents\MATLAB\UA_r_avg.xls'); % As-recieved basis  
    res = 0.09*mean(UA_r(:,2))/100;      % Carbon residue 
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% Import Chemical Properties 
    prop = xlsread('C:\Documents and Settings\wed8908\My 
Documents\MATLAB\properties.xls'); 
  
% Unpack Chemical Properties from imported data 
    M = prop(1,:);     % Molar mass (kg/kmol) 
    e_ch = prop(2,:);  % Standard Chemical Exergy (from Model II) (kJ/kg) 
    hf_ch = prop(3,:); % Standard enthalpy of formation (kJ/kg) 
    cp = prop(4,:);    % Specific heat capacity (kJ/kg-K) 
%************************************************************************** 
% Reference environment conditions 
    if ref_env == 2 
        Po = 0.961; % (bar) chosen by frackville altitude 
         
        %To(1:row,1) = 273; 
    else 
        Po = 1.013; % (bar) standard pressure 
        To(1:row,1) = 298; % (K) standard temperature 
    end 
%************************************************************************** 
% Air properties at reference conditions 
ha = zeros(row,1); 
sa = ha; 
ho = ha; 
so = ha; 
ho_A = ha; 
  
for i = 1:row 
    IdealAir(To(i),'T','h','si'); % Enthalpy of reference air  
    ha(i) = test; 
    IdealAir(To(i),'T','so','si'); % Entropy of reference air  
    sa(i) = test; 
  
     
% Water properties at reference conditions 
    if To(i)<273 
        ho(i) = 0; % if reference water is frozen, h(To) = 0 
        so(i) = 0; % if reference water is frozen, h(To) = 0 
    elseif To(i) == 273 
        ho(i) = 0; % if reference water is frozen, h(To) = 0 
        so(i) = 0; % if reference water is frozen, h(To) = 0  
    else 
        ho(i) = XSteam('h_pT',Po,(To(i)-273)); % Enthalpy of reference water 
        so(i) = XSteam('s_pT',Po,(To(i)-273)); % Entropy of reference water 
    end 
     
% Ash enthalpy at reference conditions (kJ/kg) 
    ho_A(i) = ( (7.735829*10^-5)*(To(i)*9/5-459.67)^2 +... 
        0.17020036*(To(i)*9/5-459.67) - 13.36106)/0.42992;  
     
    if ho_A(i) < 0 
       ho_A(i) = 0;  
    end     
        clc 
end 
%************************************************************************** 
% Run programs to find temperatures, pressures, flow rates, enthalpy, and 
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% entropy values at all locations 
  
    FWH_Turbine_Condenser_properties_change_To 
  
    Culm_exergy_calculations_change_To 
  
    Boiler1_properties_change_To 
     
    Boiler2_properties_change_To  
%************************************************************************** 
% Convert data and properties to english units 
    % Temperature (deg C to deg F) 
    F_eng(:,17:32) = (9/5)*F(:,17:32)+32;       % FWH 
    Tu_eng(:,8:14) = (9/5)*Tu(:,8:14)+32;       % Turbine 
    C_eng(:,8:14) = (9/5)*C(:,8:14)+32;         % Condenser 
    B1_eng(:,18:34) = (9/5)*B1(:,18:34)+32;     % Boiler 1 
    B2_eng(:,18:34) = (9/5)*B2(:,18:34)+32;     % Boiler 2 
  
    % Convert pressure (bar to psi) 
    F_eng(:,33:48) = F(:,33:48)*(1/.068948);    % FWH    
    Tu_eng(:,15:21) = Tu(:,15:21)*(1/.068948);  % Turbine 
    C_eng(:,15:21) = C(:,15:21)*(1/.068948);    % Condenser 
    B1_eng(:,35:51) = B1(:,35:51)*(1/.068948);  % boiler 1 
    B2_eng(:,35:51) = B2(:,35:51)*(1/.068948);  % Boiler 2 
     
    % Convert flow rates (kg/s to KPPH) 
    F_eng(:,1:16) = F(:,1:16)/0.12599777778;    % FWH 
    Tu_eng(:,1:7) = Tu(:,1:7)/0.12599777778;    % Turbine  
    Tu_eng(:,25) = Tu(:,25)/0.12599777778;      % Turbine  
    C_eng(:,1:7) = C(:,1:7)/0.12599777778;      % Condenser 
    B1_eng(:,1:17) = B1(:,1:17)/0.12599777778;  % Boiler 1 
    B2_eng(:,1:17) = B2(:,1:17)/0.12599777778;  % Boiler 2 
    B1_eng(:,6:7) = B1(:,6:7)/0.00012599777778; % Boiler 1 PPH to kg/s 
    B2_eng(:,6:7) = B2(:,6:7)/0.00012599777778; % Boiler 2 PPH to kg/s 
  
    % Convert kJ/kg to Btu/lb 
    hf_eng = hf*0.42992; ht_eng = ht*0.42992; hc_eng = hc*0.42992;  
    hb1_eng = hb1*0.42992; hb2_eng = hb2*0.42992; 
     
    ef_eng = ef*0.42992; et_eng = et*0.42992; ec_eng = ec*0.42992;  
    eb1_eng = eb1*0.42992; eb2_eng = eb2*0.42992; 
     
    % Convert kJ/kg-K to Btu/lb-R 
    sf_eng = sf*0.238846; st_eng = st*0.238846; sc_eng = sc*0.238846;  
    sb1_eng = sb1*0.238846; sb2_eng = sb2*0.238846;      
%************************************************************************** 
% Save results 
    save('C:\Documents and Settings\wed8908\My 
Documents\Results\all\defense_std') 
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% FWH, Turbine, Condenser, and Boiler analyses 
% NOTE: Assumptions explained in Assumption sections in Chapter 3 of thesis 
%       Unless otherwise noted, SI units used: 
%           - enthalpy (kJ/kg) 
%           - entropy (kJ/kg-K) 
%           - exergy (kJ/kg) 
%           - temperature (deg C) 
%           - pressure (bar) 
%           - flow rate (kg/s) 
%************************************************************************** 
% Declare global variables 
    global To ho so H 
%************************************************************************** 
% Declare known and decided variables 
    ngen = 0.95;                 % Generator efficiency 
    n_BFPT = 0.95;               % BFPT efficiency 
    H = 0.0139;                  % Heat loss factor for turbine 
     
    x_ex1_h = 0.97;              % Quality at extraction 1 at high loads 
    x_exh_h = 0.89;              % Quality at turbine exhaust at high loads 
     
    x_ex1_l = 0.99;              % Quality at extraction 1 at low loads 
    x_exh_l = 0.90;              % Quality at turbine exhaust at low loads 
     
    x_BFPT = 0.87;               % Quality at BFPT exhaust 
  
    % Factors that may be used to adjust properties from extraction points 
    % to FWH steam inlets 
    fact_ext1 = 1; % Extraction 1 
    fact_ext2 = 1; % Extraction 2 
    fact_ext3 = 1; % Extraction 3 
    fact_ext4 = 1; % Extraction 4 
%************************************************************************** 
% Establish size and number of locations for each data set 
    [row,col] = size(f); % Get row and column size for data  
    loc_f = 16; % Number of inlet/extraction/outlet points 
    loc_t = 7; % Number of inlet/extraction/outlet points 
    loc_c = 7; % Number of inlet/extraction/outlet points 
%************************************************************************** 
% Set up matrices for location properties 
    % FWH 
    F = zeros(row,50);     % Array for operational data with SI units 
    hf = zeros(row,loc_f); % Enthalpy array for FWH 
    sf = hf;               % Specific entropy array for FWH 
    ef = hf;               % Exergy array for FWH 
     
    % Condenser 
    C = zeros(row,21);     % Array for operational data with SI units 
    hc = zeros(row,loc_c); % Enthalpy array for condenser 
    sc = hc;               % Specific entropy array for condenser 
    ec = hc;               % Exergy array for condenser 
     
    % Turbine 
    Tu = zeros(row,25);    % Array for operational data with SI units 
    ht = zeros(row,loc_t); % Enthalpy array for turbine 
    st = ht;               % Specific entropy array for turbine 
    et = ht;               % Exergy array for turbine 
    hts = ht;              % Isentropic enthalpy array for turbine 
%************************************************************************** 
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% Estimated temperatures in deg F.  Calculations made before conversion  
% to SI units since relationships taken from heat balance analysis 
% using English units. 
    f(:,18) = (0.6629*f(:,17)+1.1839*f(:,19))/2; % Condensate into FWH 2 
    tu(:,11) = tu(:,10)*.76; % Ext 3 temp based on 76% decrease from Ext 4 
         
% Estimate condensate well temperature depending on season  
    if Season == 2 
        c(:,11) = 70;  % Approximate temp of well water during summer 
    elseif Season == 4 
        c(:,11) = 50;  % Approximate temp of well water during winter 
    else 
        c(:,11) = 60;  % Approximate temp of well water during spring/fall 
    end 
%**************************************************************************     
% Convert data to SI units 
    % Convert temperatures (deg F to deg C) 
    F(:,17:2*loc_f) = (5/9)*(f(:,(17):2*loc_f)-32);  % FWH 
    Tu(:,(loc_t+1):(2*loc_t)) = (5/9)... 
        *(tu(:,(loc_t+1):(2*loc_t))-32);        % Turbine 
    C(:,8:9) = (5/9)*(c(:,8:9)-32);             % Condenser 
    C(:,11) = (5/9)*(c(:,11)-32);               % Condenser     
    C(:,14) = (5/9)*(c(:,14)-32);               % Condenser 
  
    % Convert pressure (psi to bar) 
    F(:,39) = f(:,39)*(.068948);                % FWH    
    Tu(:,15:21) = tu(:,15:21)*(.068948);        % Turbine 
  
    % Convert KPPH to kg/s 
    F(:,49:50) = f(:,49:50)*0.12599777778;      % FWH 
    Tu(:,23:25) = tu(:,23:25)*0.12599777778;    % Turbine 
  
    % Convert GPM to kg/s using density based on temp 
    for i =1:row 
        F(i,1)=(f(i,1))*((3.7854*10^-3)/60)... 
            *XSteam('rhoL_T',F(i,17));   %  Condensate flow from condenser 
        C(i,4)=c(i,4)*((3.7854*10^-3)/60)... 
            *XSteam('rhoL_T',C(i,11));   %  Condensate make up 
    end 
     
    % Power MW to kW 
    Tu(:,22) = tu(:,22)*1000; % Generator export 
%************************************************************************** 
% Unknown saturated or mixture temperatures and pressures 
    for i=1:row 
        Tu(i,21) = XSteam('psat_T',Tu(i,14)); % Pressure at turbine exhaust 
        Tu(i,13) = XSteam('Tsat_p',Tu(i,20)); % Temp at Ext. 1 
        C(i,21) = XSteam('psat_T',C(i,14));   % Condenser drain pressure 
    end 
%************************************************************************** 
% Copy values that exist in more than one operational data array 
  
% Insert temperatures for steam into FWH matrix 
    F(:,24) = Tu(:,13);     % Ext. 1 temp = FWH 1 inlet steam temp 
    F(:,26) = Tu(:,12);     % Ext. 2 temp = FWH 2 inlet steam temp 
    F(:,28) = Tu(:,11);     % Ext. 3 temp = DA inlet steam temp 
    F(:,29) = Tu(:,10);     % Ext. 4 temp = FWH 4 inlet steam temp 
    F(:,31) = Tu(:,9);      % Ext. 5 temp = FWH 5 inlet steam temp 
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% Insert pressure for steam into FWH matrix 
    F(:,40) = Tu(:,20);     % Ext. 1 pressure = FWH 1 inlet steam pressure 
    F(:,42) = Tu(:,19);     % Ext. 2 pressure = FWH 2 inlet steam pressure 
    F(:,44) = Tu(:,18);     % Ext. 3 pressure = DA inlet steam pressure 
    F(:,45) = Tu(:,17);     % Ext. 4 pressure = FWH 4 inlet steam pressure 
    F(:,47) = Tu(:,16);     % Ext. 5 pressure = FWH 5 inlet steam pressure 
     
% For condensate flow 
    F(:,33) = C(:,21)*108.334;  % Pressure through FWH 1 and 2  
    F(:,34) = F(:,33);          % Pressure through FWH 1 and 2  
    F(:,35) = F(:,34);          % Pressure through FWH 1 and 2 
    F(:,38) = F(:,39);          % Pressure through FWH 4 and 5 
    F(:,37) = F(:,38);          % Pressure through FWH 4 and 5 
     
% Insert pressure for condenser Matrix 
    C(:,17) = Tu(:,21); % Turbine exhaust 
    C(:,20) = Tu(:,21); % BFPT exhaust 
  
% Insert temperatures for Cond Matrix 
    for i=1:row 
       C(i,13) = XSteam('Tsat_p',C(i,20));  % BFPT exhaust  
    end 
    C(:,10) = Tu(:,14);                     % Turbine exhaust temperature 
    C(:,12) = F(:,25);                      % FWH 1 drain temp 
%**************************************************************************     
% Determine thermodynamic properties for turbine 
    
    % Extraction enthalpy, entropy, and isentropic enthalpy values 
    for i=1:row       
        % When both temperature and pressure are known: 
        % Enthalpy values based on pressure and temp 
        % Entropy values based on pressure and temp 
        % Isentropic enthalpy values based on pressure and inlet entropy 
        for j=1:5 
            ht(i,j) = XSteam('h_pT',Tu(i,(14+j)),Tu(i,7+j));  
            st(i,j) = XSteam('s_pT',Tu(i,(14+j)),Tu(i,7+j));  
            hts(i,j) = XSteam('h_ps',Tu(i,(14+j)),st(i,1));   
        end 
         
        % Vapor/liquid mixture for Ex 1 and exhaust 
        % Enthalpy values based on temp and vapor fraction 
        % Entropy values based on temp and vapor fraction  
        % Isentropic enthalpy values based on pressure and inlet entropy 
        for j=6:7 
          if j == 6     % Ex 1 
            if Tu(i,22)< 65000 
                x = x_ex1_l;    % Define quality of mixture for low load 
            else 
                x = x_ex1_h;    % Define quality of mixture for high load 
            end 
            ht(i,j) = XSteam('h_px',Tu(i,14+j),x); 
            st(i,j) = XSteam('sL_p',Tu(i,14+j))... 
                + x*(XSteam('sV_p',Tu(i,14+j))- XSteam('sL_p',Tu(i,14+j)));  
            hts(i,j) = XSteam('h_ps',Tu(i,14+j),st(i,1));  
             
          else  % Exhaust 
            if Tu(i,22)< 65000 
                x = x_exh_l;    % Define quality of mixture for low load 
            else 
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                x = x_exh_h;    % Define quality of mixture for high load 
            end   
            ht(i,j) = XSteam('h_Tx',Tu(i,7+j),x);  
            st(i,j) = XSteam('sL_T',Tu(i,7+j))... 
                + x*(XSteam('sV_T',Tu(i,7+j))- XSteam('sL_T',Tu(i,7+j)));  
            hts(i,j) = XSteam('h_ps',Tu(i,14+j),st(i,1));  
             
          end 
        end 
    end 
     
    for j = 1:loc_t 
        et(:,j) = (ht(:,j) - ho(:,1)) - To(:).*(st(:,j) - so(:,1)); % Exergy 
flow 
    end 
%**************************************************************************     
% Determine thermodynamic properties for FWH 
    % Enthalpy and entropy values dependent on turbine properties 
    hf(:,8) = ht(:,6)*fact_ext1;    % FWH 1 steam in 
    hf(:,10) = ht(:,5)*fact_ext2;   % FWH 2 steam in 
    hf(:,12) = ht(:,4)*fact_ext3;   % DA steam in 
    hf(:,13) = ht(:,3)*fact_ext4;   % FWH 4 steam in 
    hf(:,15) = ht(:,2);             % FWH 5 steam in 
  
    sf(:,8) = st(:,6)*fact_ext1;    % FWH 1 steam in 
    sf(:,10) = st(:,5)*fact_ext2;   % FWH 2 steam in 
    sf(:,12) = st(:,4)*fact_ext3;   % DA steam in 
    sf(:,13) = st(:,3)*fact_ext4;   % FWH 4 steam in 
    sf(:,15) = st(:,2);             % FWH 5 steam in 
     
    % Calculate new enthalpy and entropy values 
    for i=1:row 
        for j=1:loc_f   
            % Saturated liquids- based on temperature 
            if j==4 || j==9 || j==11 || j==14 || j==16  
                sf(i,j) = XSteam('sL_T',F(i,loc_f+j)); 
                hf(i,j) = XSteam('hL_T',F(i,loc_f+j)); 
                F(i,j+32) = XSteam('p_hs',hf(i,j),sf(i,j));  
            end 
            % Compressed liquids- based on pressure and temperature 
            if j==1 || j==2 || j==3 || j==5 || j==6 || j==7  
                hf(i,j) = XSteam('h_pT',F(i,32+j),F(i,16+j)); 
                sf(i,j) = XSteam('s_pT',F(i,32+j),F(i,16+j)); 
            end 
        end         
    end 
     
    for j = 1:loc_f 
        ef(:,j) = (hf(:,j) - ho(:,1)) - To.*(sf(:,j) - so(:,1)); % Exergy 
flow 
    end 
  
%**************************************************************************     
% Determine thermodynamic properties for condenser 
    % Enthalpy and entropy values dependent on turbine and FWH properties 
    hc(:,3) = ht(:,7); % Turbine exhaust 
    hc(:,5) = hf(:,9); % FWH 1 drain 
     
    sc(:,3) = st(:,7); % Turbine exhaust 
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    sc(:,5) = sf(:,9); % FWH 1 drain 
     
    ec(:,3) = (hc(:,3) - ho(:,1)) - To.*(sc(:,3) - so(:,1)); % Turbine 
exhaust 
    ec(:,5) = (hc(:,5) - ho(:,1)) - To.*(sc(:,5) - so(:,1)); % FWH 1 drain 
     
    % Calculate new enthalpy and entropy values 
    for i=1:row 
         
        for j = 1:loc_c 
            % Saturated liquids- based on temperature 
            if j==1 || j==2 || j==4 || j==7 
                hc(i,j) = XSteam('hL_T',C(i,loc_c+j));  
                sc(i,j) = XSteam('sL_T',C(i,loc_c+j));  
            end 
        end 
         
        % Saturated mixture- based on temperature and vapor fraction 
        hc(i,6) = XSteam('h_Tx',C(i,13),x_BFPT);  
        sc(i,6) = XSteam('sL_T',C(i,13))+ x_BFPT* ... 
            (XSteam('sV_T',C(i,13))-XSteam('sL_T',C(i,13)));   
    end 
     
    for j = 1:loc_c 
        ec(:,j) = (hc(:,j) - ho(:,1)) - To.*(sc(:,j) - so(:,1)); % Exergy 
flow 
    end 
%************************************************************************** 
% Determine missing pressure data for condenser. 
    C(:,18) = C(:,20); % Condensate makeup water 
    C(:,19) = C(:,20); % FWH 1 drain  
%************************************************************************** 
% Determine FWH flow rate based on COM and energy balances 
    % Turbine inlet flow rate = sum of B1 and B2 steam flows 
    Tu(:,1) = Tu(:,23) + Tu(:,24);  
     
    % Known FWH flows 
    F(:,7) = F(:,49) + F(:,50); % COM total FW into boilers equals... 
        % flow rate of condensate leaving FWH 5 
    F(:,2) = F(:,1); % COM  
    F(:,3) = F(:,2); % COM 
  
    % FWH 5 
    F(:,6) = F(:,7);            % COM condensate 
    F(:,15) = (F(:,7).*(hf(:,7)-hf(:,6)))./... 
        (hf(:,15)-hf(:,16));    % Energy balance 
    F(:,16) = F(:,15);          % COM steam/drain 
     
    % FWH 4 
    F(:,5) = F(:,6);            % COM condensate 
    F(:,13) = (F(:,5).*(hf(:,6)-hf(:,5))+... 
        F(:,16).*(hf(:,14)-hf(:,16)))./... 
        (hf(:,13)-hf(:,14));    % Energy balance 
    F(:,14) = F(:,13) + F(:,16);% COM steam/drains 
  
    % Now can determine that: 
    Tu(:,2) = F(:,15) + Tu(:,25);   % Ext. 5 = FWH 5 steam in + process 
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    % DA 
    F(:,12) = Tu(:,1) + C(:,4) - Tu(:,2)... 
        - F(:,13) - F(:,3);     % COM around turbine, FWH 1&2, condenser 
    F(:,4) = F(:,12) + F(:,3) + F(:,14);    % COM drain 
  
    % FWH 2 
    F(:,11) = (F(:,2).*(hf(:,2)-hf(:,3)))./... 
        (hf(:,11)-hf(:,10));    % Energy balance 
    F(:,10) = F(:,11);          % COM steam/drain 
  
    % FWH 1 
    F(:,8) = (F(:,1).*(hf(:,2)-hf(:,1))+... 
        F(:,11).*(hf(:,9)-hf(:,11)))./... 
        (hf(:,8)-hf(:,9));      % Energy balance 
    F(:,9) = F(:,8) + F(:,11);  % COM steam/drain 
%**************************************************************************     
% Boiler feed pump turbine analysis 
    W_BFP = F(:,4).*(hf(:,4)-hf(:,5)); % Energy balance- work into BFP 
    W_BFPT = -W_BFP./n_BFPT;           % Work produced by BFPT 
    Q_BFPT = -H*W_BFPT;                % BFPT heat loss 
%************************************************************************** 
% Determine remaining flow rates 
    % Flow rate through BFPT 
    C(:,6) = (Q_BFPT-W_BFPT)./(hc(:,6)-ht(:,3)); % Energy balance 
     
    % Turbine flows 
    Tu(:,3) = C(:,6) + F(:,13);    % Extraction 4 
    Tu(:,4) = F(:,12);             % Extraction 3 
    Tu(:,5) = F(:,10);             % Extraction 2 
    Tu(:,6) = F(:,8);              % Extraction 1 
    Tu(:,7) = Tu(:,1) - Tu(:,2) - Tu(:,3) - Tu(:,4)... 
        - Tu(:,5)- Tu(:,6);        % Exhaust 
     
    % Remaining condenser flows 
    C(:,5) = F(:,9);               % FWH 1 drain to condenser 
    C(:,7) = F(:,1);               % Flow out to condensate pump 
    C(:,3) = Tu(:,7);              % Turbine exhaust into condenser   
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% Culm Exergy 
% Based on paper by Bilgen, 2008 
%************************************************************************** 
% Assuming: Using DAF data (although exergy found includes moisture and ash) 
%           Theoretical air (O2 + 3.76N2) 
%************************************************************************** 
% Known Values: Values for C,H,O,N,S,M, and ash, HHV (from plant) 
%************************************************************************** 
% Import data: 
    [row_culm,col_culm] = size(UA_d); 
%************************************************************************** 
% Set up Arrays 
    s = zeros(1,17);            % Absolute entropy 
    e = e_ch.*M;                % Standard chemical exergy 
    UA_DAF = zeros(row_culm,col_culm);  % DAF conversion of UA data 
    v_culm = zeros(row_culm,col_culm);  % Coefficient for culm component 
    v = zeros(row_culm,17);             % Stoichiometric coefficients 
    e_DAF = zeros(row_culm, 1);         % DAF exergy of culm 
%************************************************************************** 
% Absolute entropy of components (kJ/kmol-K) 
    s(1,10) = 205.146;  % O2 
    s(1,11) = 191.61;   % N2  
    s(1,12) = 213.794;  % CO2 
    s(1,13) = 188.824;  % H2O (g) 
    s(1,14) = 284.094;  % SO2 
    s(1,1) = 69.948;    % H2O (l)     
%************************************************************************** 
% Convert Dry basis to DAF basis (DAF = Dry/((100-DA)/100) 
    for i=1:8 
         UA_DAF(:,i) =  UA_d(:,i)./((100-UA_d(:,2))./100); 
    end 
%************************************************************************** 
% Find the culm components in kmol/kg 
    for i=1:8 
         v_culm(:,i) =  UA_DAF(:,i)./(100*M(1,i));  
    end 
%************************************************************************** 
% Determine stoichiometric Coefficients 
    v(:,17) = v_culm(:,3) + 0.25*v_culm(:,4)... 
        + v_culm(:,6)- 0.5*v_culm(:,7);         % Air in = v_O2 in 
    v(:,10) = v(:,17);                          % O2 
    v(:,11) = 0.5*v_culm(:,5);                  % N2 
    v(:,12) = v_culm(:,3);                      % CO2 
    v(:,14) = v_culm(:,6);                      % SO2 
    v(:,13) = 0.5*v_culm(:,4);                  % H2O (g) 
%************************************************************************** 
% Calculate Higher Heating Values 
    % Using Eq. 10 from Bilgen in (kJ/kg) 
    HHV_DAF = (152190*UA_DAF(:,4)/100+98767).*((UA_DAF(:,3)/300)... 
        + UA_DAF(:,4)/100 -(UA_DAF(:,7)-UA_DAF(:,6))./800); 
  
    % Conversion of measured HHV (dry) from Btu/lb to kJ/kg 
    HHV_d = UA_d(:,8)*2.326; 
    HHV_r = UA_r(:,8)*2.326; 
%************************************************************************** 
% Calculate entropy and exergy (DAF, AF, and complete) for culm 
    s_DAF = v_culm(:,3).*(37.1653 - 31.4767*... 
        exp(-0.564682*(v_culm(:,4)./(v_culm(:,3)+v_culm(:,5))))... 
        + 20.1145*(v_culm(:,7)./(v_culm(:,3)+v_culm(:,5)))... 
        + 54.3111*(v_culm(:,5)./(v_culm(:,3)+v_culm(:,5)))... 
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        + 44.6712*(v_culm(:,6.)./(v_culm(:,3)+v_culm(:,5)))); 
%************************************************************************** 
% Calculate chemical exery of culm on DAF basis in (kJ/kg) 
for i = 1:row 
    e_DAF(:,1) = - To(i,1).*(s_DAF(:,1) + s(1,10)*v(:,10)- s(1,11)*v(:,11)... 
           - v(:,12)*s(:,12) - v(:,13)*s(:,13) - v(:,14)*s(:,14))... 
        + (v(:,12)*e(:,12) + v(:,13)*e(:,13) + v(:,14)*e(:,14)... 
           + e(1,11)*v(:,11) - e(1,10)*v(:,10)) + HHV_DAF(:,1); 
end 
 %************************************************************************** 
% e_final includes moisture and ash.  As recieved data used in order to 
% to account for moisture and ash effects 
e_culm = 0.01*(100-UA_r(:,1)-UA_r(:,2)).*e_DAF(:,1)... 
    + UA_r(:,1)/(100*M(1,1))*e(1,1); 
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% Boiler 1 property calculations 
% NOTE: Assumptions explained in Assumption sections in Chapter 3 of thesis 
%       Unless otherwise noted, SI units used: 
%           - enthalpy (kJ/kg) 
%           - entropy (kJ/kg-K) 
%           - exergy (kJ/kg) 
%           - temperature (deg C) 
%           - pressure (bar) 
%           - flow rate (kg/s) 
%************************************************************************** 
% Declare global Variables 
    global To ho so ha sa test br B1  m_PA_b1 m_SA_b1 m_culm_b1  
    global m_lime_b1 m1i m1o Mn_B Tb_B 
%************************************************************************** 
% Establish size and number of locations for each data set     
    [br,bc] = size(b1); % Get row and column size for data 
    loc_b = 17; % Number of inlet/extraction/outlet points 
%************************************************************************** 
% Set up matrices for location properties 
    B1 = b1;            % Array for operational data with SI units     
    hb1 = zeros(br,7);  % Enthalpy array 
    sb1 = hb1;          % Specific entropy array 
    eb1 = hb1;          % Exergy array 
%************************************************************************** 
% Convert to SI 
    % Convert flow rates 
    B1(:,1:loc_b) = b1(:,1:loc_b)*0.12599777778;    % KPPH to kg/s 
    B1(:,6:7) = b1(:,6:7)*0.00012599777778;         % PPH to kg/s 
     
    % Convert temp in deg F to deg C 
    B1(:,(loc_b+1):(2*loc_b)) = (5/9)*(b1(:,(loc_b+1):(2*loc_b))-32);   
     
    % Increase FG temp 80 deg C 
    increase_FG_temp = B1(:,26) + 80;                
    B1(:,26) = increase_FG_temp; 
     
    % Convert pressure from psi to bar 
    B1(:,(2*loc_b+1):(3*loc_b)) = (b1(:,(2*loc_b+1):(3*loc_b)))*(.068948);  
%************************************************************************** 
% Set limestone entrance temperature 
    B1(:,23) = 0.5*(To(:,1)+Tb_B) - 273; 
    B1(:,24) = 0.5*(To(:,1)+Tb_B) - 273; 
     
% Mass balances 
    % Spray 
    B1(:,3) = (F(:,4)-F(:,5))/2; 
     
    % Sum of inflows by type 
    m_culm_b1 = B1(:,4)+B1(:,5);    % Total culm in 
    m_lime_b1 = B1(:,6)+B1(:,7);    % Total limestone in 
    m_PA_b1 = B1(:,11)+B1(:,12);    % Total primary air in 
    m_SA_b1 = B1(:,13)+B1(:,14)+B1(:,15)... 
        +B1(:,16)+B1(:,17);         % Total secondary and duct air 
     
    % Determine mass flows of ashes and flue gas- outputs m_ba, m_fa, m_fg   
    [B1(:,8),B1(:,9),B1(:,10),X_react1] = massb1(Mn_B); 
%************************************************************************** 
% Determine thermodynamic properties 
    % Primary and secondary air properties 
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    for i=1:br 
        % Primary air 
        IdealAir(B1(i,28)+273,'T','h','si');    % Enthalpy of PA 
        hb1(i,6) = test; 
        IdealAir(B1(i,28)+273,'T','so','si');   % specific entropy of PA 
        sb1(i,6) = test; 
  
        % Secondary and duct air 
        IdealAir(B1(i,33)+273,'T','h','si');    % Enthalpy of SA 
        hb1(i,7) = test; 
        IdealAir(B1(i,33)+273,'T','so','si');   % specific entropy of SA 
        sb1(i,7) = test; 
  
        clc 
    end 
    % Total exergy for input air (flow+chemical), kJ/kg 
        eb1(:,6) = (hb1(:,6)-ha(:,1)) - To(:,1).*(sb1(:,6)-sa(:,1))... 
            + 0.21*e_ch(10) + 0.79*e_ch(11);  
        eb1(:,7) = (hb1(:,7)-ha(:,1)) - To(:,1).*(sb1(:,7)-sa(:,1))... 
            + 0.21*e_ch(10) + 0.79*e_ch(11);  
        
    % Feedwater properties 
    for i=1:br 
        % Saturated liquids- properties based on temperature 
        hb1(i,1) = XSteam('h_pT',B1(i,35),B1(i,18)); % Enthalpy 
        sb1(i,1) = XSteam('s_pT',B1(i,35),B1(i,18)); % Entropy 
         
        % Superheated steam- properties based on temperature and pressure 
        hb1(i,2) = XSteam('h_pT',B1(i,36),B1(i,19)); % Enthalpy 
        sb1(i,2) = XSteam('s_pT',B1(i,36),B1(i,19)); % Entropy 
    end 
    % Feedwater total exergy (flow + chemical) (kJ/kg) 
        eb1(:,1) = (hb1(:,1)- ho(:,1)) - To.*(sb1(:,1)- so(:,1))... 
            + e_ch(1);          % FW in and spray water (l) 
        eb1(:,2) = (hb1(:,2)- ho(:,1)) - To.*(sb1(:,2)- so(:,1))... 
            + e_ch(13);         % FW out (g) 
         
    % Bottom ash properties- enthalpy equations require deg F and result in 
    % enthalpy in Btu/lb.  Conversion added to result in kJ/kg. 
    for i=1:br 
        if b1(i,25) < 600 
            hb1(i,3)=(((7.735829*10^-5)*b1(i,25).^2 ... 
                + 0.1702036*b1(i,25) - 13.36106)/0.42992); 
        else 
            hb1(i,3)=(((2.408712*10)^-5*b1(i,25).^2 ... 
                + 0.2358873*b1(i,25) - 32.88512)/0.42992); 
        end 
    end 
        eb1(:,3) = (hb1(:,3) - ho_A(:,1)) - To.*(sb1(:,3)); % Exergy of BA 
  
  
% Fly ash properties- enthalpy equations require deg F and result in 
    % enthalpy in Btu/lb.  Conversion added to result in kJ/kg. 
    for i=1:br 
        if (b1(i,26)+176) < 600 
            hb1(i,4)=(((7.735829*10^-5)*(b1(i,26)+176).^2 ... 
                + 0.1702036*(b1(i,26)+176) - 13.36106)/0.42992); 
        else 
            hb1(i,4)=(((2.408712*10^-5)*(b1(i,26)+176).^2 ... 
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                + 0.2358873*(b1(i,26)+176) - 32.88512)/0.42992); 
        end 
    end 
    eb1(:,4) = (hb1(:,4) - ho_A(:,1)) - To.*(sb1(:,4)); % Exergy of FA 
     
    % Chemical exery of ash 
    e_ash_other_b1 = m1o(:,3)*e_ch(1,3) + m1o(:,15)*e_ch(1,15); 
     
     
% Flue gas properties (assuming limestone effects are negligable) 
    % Determine composition, Cp, and flow exergy of flue gas.  
    for i = 1:br 
        [hb1(i,5),eb1(i,5),Cp_b1(i)] = 
fg_change_To(m_culm_b1(i,1),B1(i,26),To(i)); 
    end 
     
    % Flue gas exergy also contains exergy of gases 
    e_FG_other_b1 = m1o(:,10).*e_ch(:,10) + m1o(:,11).*e_ch(:,11)... 
        + m1o(:,12).*e_ch(:,12) + m1o(:,13).*e_ch(:,13)... 
        + m1o(:,14).*e_ch(:,14) + m1o(:,16).*e_ch(:,16); 
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% Function to calculate mass flow rates out of boiler for bottom ash, fly 
% ash, and flue gas with or without limestone (depending on boiler model) 
  
function [m_ba,m_fa,m_fg,X1] = massb1(mod) 
  
    % Declare global variables 
        global UA_r br res M m_PA_b1 m_SA_b1 m_culm_b1 m_lime_b1 m1o m1i 
     %********************************************************************* 
    % Set up matrices to be used in calculations 
        N1i = zeros(br,16); % Array for molar flow in 
        N1o = zeros(br,16); % Array for molar flow out 
        K = zeros(1,7);     % Array for fractions of culm components 
        m1i = zeros(br,16); % Array for mass flow in 
        m1o = zeros(br,16); % Array for mass flow out 
        m_ba = zeros(br,1); % Array for bottom ash flow  
        m_fg = m_ba;        % Array for flue gas flow 
    %********************************************************************** 
    % Define known values 
        % Known mass flows (kg/s) 
        mi_air = m_SA_b1 + m_PA_b1;  % Air in (SA includes duct burner air) 
         
        % Fractions of culm compositions 
        for i = 1:7 
           K(1,i) = UA_r(:,i)./100;  
        end 
    %********************************************************************** 
    % Initial calculations for flows 
        % Ni (kmol/s) for culm components 
        for i = 1:7 
           N1i(:,i) = m_culm_b1(:,1).*(K(1,i)/M(1,i));   
        end      
         
        % Inflow of limestone 
        N1i(:,8) = m_lime_b1./M(1,8); 
         
        % Inflow of O2 and N2 based on air inflow 
        N1i(:,10) = 0.21*mi_air./M(1,10);  % Ni O2 
        N1i(:,11) = 0.79*mi_air./M(1,11);  % Ni N2 
    %********************************************************************** 
    % Calculate extent of reactions and molar flows 
        if mod == 2 % Model BII: NOx taken into account 
            % Estimated NO release based on CEMS data and UA results 
            N1o(:,16) = 0.013*N1i(:,5); 
             
            % Extent of reactions 
            X1(:,1) = N1i(:,3);                 % X1 = Ni_C 
            X1(:,2) = N1i(:,4);                 % X2 = Ni_H 
            X1(:,3) = N1i(:,6);                 % X3 = Ni_S 
            X1(:,4) = N1i(:,8);                 % X4 = Ni_CaCO3 
            X1(:,5) = X1(:,4);                  % X5 = X4 
            X1(:,6) = N1o(:,16);                % X6 = No_NO 
            X1(:,7) = 0.5*(N1i(:,5)-X1(:,6));   % X7 = (Ni_N -X6)/2 
            X1(:,8) = 0.5*(N1i(:,7)); % X8 = (Ni_O)/2  
  
            % Calc remaining molar flow rates leaving boiler 
            N1o(:,10) = N1i(:,10) - (1-res)*X1(:,1) - 0.25*X1(:,2)... 
                - X1(:,3) - 0.5*(X1(:,5)+X1(:,6)) + X1(:,8);  % N out O2 
            N1o(:,11) = N1i(:,11) + X1(:,7);        % N out N2 
            N1o(:,12) = (1-res)*X1(:,1) + X1(:,4);  % N out CO2 
            N1o(:,13) = 0.5*X1(:,2) + N1i(:,1);     % N out H20 
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            N1o(:,14) = X1(:,3) - X1(:,5);          % N out SO2 
            N1o(:,15) = X1(:,5);                    % N out CaSO4 
            N1o(:,3) = res*N1i(:,3);                % N out C 
             
        else % Model BI: NOx neglected 
            % Extent of reactions 
            X1(:,1) = N1i(:,3);                 % X1 = Ni_C 
            X1(:,2) = N1i(:,4);                 % X2 = Ni_H 
            X1(:,3) = N1i(:,6);                 % X3 = Ni_S 
            X1(:,4) = N1i(:,8);                 % X4 = Ni_CaCO3 
            X1(:,5) = X1(:,4);                  % X5 = X4 
            X1(:,6) = 0.5*N1i(:,5);             % X6 = 0.5*Ni_N 
            X1(:,7) = 0.5*N1i(:,7);             % X7 = 0.5*Ni_O 
  
            % Calc remaining molar flows 
            N1o(:,10) = N1i(:,10) + X1(:,7) - X1(:,1)- X1(:,3)... 
                - 0.25*X1(:,2) - 0.5*X1(:,5);   % N out O2 
            N1o(:,11) = N1i(:,11)+ X1(:,6);     % N out N2 
            N1o(:,12) = X1(:,1) + X1(:,4);      % N out CO2 
            N1o(:,13) = 0.5*X1(:,2) + N1i(:,1); % N out H20 (g) 
            N1o(:,14) = X1(:,3) - X1(:,5);      % N out SO2 
            N1o(:,15) = X1(:,5);                % N out CaSO4          
        end 
    %********************************************************************** 
    % Convert to mass flows (kmol/s) to (kg/s) for each species 
        % General conversion 
        for i=1:16 
            m1i(:,i) = N1i(:,i).*M(1,i); 
            m1o(:,i) = N1o(:,i).*M(1,i); 
        end 
         
        % Correct ash conversion 
        m1i(:,2) = K(1,2)*m_culm_b1; 
        m1o(:,2) = m1i(:,2); 
         
        % Limestone mass flow rates 
        m_ba = m1o(:,2)/2; 
        m_fa = m_ba;  
         
        % Flue gas flow rate out 
        for i=1:br 
            m_fg(i,1) = sum(m1o(i,10:16)) - m1o(i,15); % FG = (sum of exiting 
gases) 
        end 
end 
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% Function for finding flue gas properties 
% Paper by Coskun, 2009 
% "Steam" Ch 9  
% Assuming no limestone added 
%          FG temp between 100 K and 1200 K 
%          Ref combustion- C of all gases defined depending on CO2 
%          20% excess air 
%          p and po are approximatly the same 
  
function [h_fg,e_fg,Cp_fg] = fg_change_To(m_culm,fg_T,To) 
  
    % Declare global variables 
        global UA_r 
    %********************************************************************** 
    % Initial known values 
        lam = 0.2; % Percent excess air 
        n = lam + 1; 
        T_fg = fg_T+273; 
        K = UA_r/100; 
    %********************************************************************** 
    % Conservation of mass 
        m_air_st = (11.445)*(2.9978*K(1,4)- 0.3747*K(1,7)... 
            + 0.3747*K(1,6)+ K(1,3));    % Stoichiometric amoutn of air 
  
        m_fg = (11.445*n)*(2.9978*K(1,4)- 0.3747*K(1,7)... 
            + 0.3747*K(1,6)+ K(1,3)) + (1 - K(1,2)); % Flue gas flow rate 
  
        m_tot_st = m_air_st + (1 - K(1,2));   % Total stoichiometric mass 
    %********************************************************************** 
    % Non Temperature dependent coefficients 
        aC = (3.667*K(1,3))/m_tot_st;                   % a_c = a_m 
        bm = (0.767*m_air_st+ K(1,5))./m_tot_st;        % b_m 
        cm = (8.938*K(1,4)+K(1,1))./m_tot_st;           % c_m 
        dm = (2*K(1,6))/m_tot_st;                       % d_m 
        fm = (lam*m_air_st)/m_fg;                       % f_m 
    %********************************************************************** 
    % Determining specific heat  
  
        % Sub-components for coefficient b 
        b_cp = 0.9094 + (1.69*10^-4)*T_fg - (11135*T_fg^-2);    % b_cp 
        bN = bm/b_cp;                                           % b_c 
  
        % Sub-components for coefficient c 
        c_cp = 0.5657 - (6.68*10^-6)*T_fg - 10465*T_fg^-2;      % c_cp 
        cH = cm/c_cp;                                           % c_c 
  
        % Sub-components for coefficient d 
        d_cp = exp(2.679 - 151.16*T_fg^-1 - 0.289*log(T_fg));   % d_cp 
        dS = dm/d_cp;                                           % d_c 
  
        % fa 
        f_cp = 0.7124*(1.00011^T_fg)*(T_fg^0.051);              % Cp,A 
        fA = fm*f_cp;                                           % f_A 
  
        % Cp,c 
        Cp_c = (0.1874*1.000061^T_fg)*T_fg^0.2665; 
  
        % Specific heat capacity of flue gas (kJ/kg-K) 
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        Cp_fg = (Cp_c/(aC + bN + cH + dS))*(m_tot_st/m_fg) + fA; 
  
        % Flow Exergy of flue gas (kJ/kg) 
        e_fg = Cp_fg*((T_fg-To) - To*log(T_fg/To));  
  
        % Change in enthalpy (kJ/kg) 
        h_fg = Cp_fg*(T_fg);   
         
end 
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% Boiler 2 property calculations 
% NOTE: Assumptions explained in Assumption sections in Chapter 3 of thesis 
%       Unless otherwise noted, SI units used: 
%           - enthalpy (kJ/kg) 
%           - entropy (kJ/kg-K) 
%           - exergy (kJ/kg) 
%           - temperature (deg C) 
%           - pressure (bar) 
%           - flow rate (kg/s) 
%************************************************************************** 
% Declare global Variables 
    global To ho so ha sa test br B2 m_PA_b2 m_SA_b2 m_culm_b2  
    global m_lime_b2 m2i m2o Mn_B Tb_B 
%************************************************************************** 
% Establish size and number of locations for each data set     
    [br,bc] = size(b2); % Get row and column size for data 
    loc_b = 17; % Number of inlet/extraction/outlet points 
%************************************************************************** 
% Set up matrices for location properties 
    B2 = b2;            % Array for operational data with SI units     
    hb2 = zeros(br,7);  % Enthalpy array 
    sb2 = hb2;          % Epecific entropy array 
    eb2 = hb2;          % Exergy array 
%************************************************************************** 
% Convert to SI 
    % Convert flow rates 
    B2(:,1:loc_b) = b2(:,1:loc_b)*0.12599777778;    % KPPH to kg/s 
    B2(:,6:7) = b2(:,6:7)*0.00012599777778;         % PPH to kg/s 
     
    % Convert temp in deg F to deg C 
    B2(:,(loc_b+1):(2*loc_b)) = (5/9)*(b2(:,(loc_b+1):(2*loc_b))-32); 
     
    % Increase FG temp 80 deg C 
    increase_FG_temp = B2(:,26) + 80;                
    B2(:,26) = increase_FG_temp; 
     
    % Convert pressure from psi to bar 
    B2(:,(2*loc_b+1):(3*loc_b)) = (b2(:,(2*loc_b+1):(3*loc_b)))*(.068948);  
%************************************************************************** 
% Set limestone entrance temperature 
    B2(:,23) = 0.5*(To(:,1)+Tb_B) - 273; 
    B2(:,24) = 0.5*(To(:,1)+Tb_B) - 273; 
  
% Mass balances  
    % Spray 
    B2(:,3) = (F(:,4)-F(:,5))/2; 
         
    % Sum of inflows by type 
    m_culm_b2 = B2(:,4)+B2(:,5); % Total culm in 
    m_lime_b2 = B2(:,6)+B2(:,7); % Total limestone in 
    m_PA_b2 = B2(:,11)+B2(:,12); % Total primary air in 
    m_SA_b2 = B2(:,13)+B2(:,14)+B2(:,15)... 
        +B2(:,16)+B2(:,17);      % Total secondary and duct air 
         
    % Determine mass flows of ashes and flue gas- outputs m_ba, m_fa, m_fg   
    [B2(:,8),B2(:,9),B2(:,10),X_react2] = massb2(Mn_B); % outputs m_ba, m_fa, 
m_fg 
%************************************************************************** 
% Determine thermodynamic properties 
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    % Primary and secondary air properties 
    for i=1:br 
        % Primary air 
        IdealAir(B2(i,28)+273,'T','h','si'); % Enthalpy of primary air 
(kJ/kg) 
        hb2(i,6) = test; 
        IdealAir(B2(i,28)+273,'T','so','si'); % specific entropy of primary 
air (kJ/kg-K) 
        sb2(i,6) = test; 
  
        % Secondary and duct air 
        IdealAir(B2(i,33)+273,'T','h','si'); % Enthalpy of secondary air 
(kJ/kg) 
        hb2(i,7) = test; 
        IdealAir(B2(i,33)+273,'T','so','si'); % specific entropy of secondary 
air (kJ/kg-K) 
        sb2(i,7) = test; 
  
        clc 
    end 
    % Total exergy for input air (flow+chemical), kJ/kg 
        eb2(:,6) = (hb2(:,6)-ha(:,1)) - To(:,1).*(sb2(:,6)-sa(:,1))... 
            + 0.21*e_ch(10) + 0.79*e_ch(11);  
        eb2(:,7) = (hb2(:,7)-ha(:,1)) - To(:,1).*(sb2(:,7)-sa(:,1))... 
            + 0.21*e_ch(10) + 0.79*e_ch(11);  
        
% Feedwater properties 
    for i=1:br         
        % Saturated liquids- properties based on temperature 
        hb2(i,1) = XSteam('h_pT',B2(i,35),B2(i,18)); % Enthalpy 
        sb2(i,1) = XSteam('s_pT',B2(i,35),B2(i,18)); % Entropy 
         
        % Superheated steam- properties based on temperature and pressure 
        hb2(i,2) = XSteam('h_pT',B2(i,36),B2(i,19)); % h FW out 
        sb2(i,2) = XSteam('s_pT',B2(i,36),B2(i,19)); % s FW out 
    end 
    % Feedwater total exergy (flow + chemical) (kJ/kg) 
        eb2(:,1) = (hb2(:,1)- ho(:,1)) - To.*(sb2(:,1)- so(:,1))... 
            + e_ch(1);          % FW in and spray water (l) 
        eb2(:,2) = (hb2(:,2)- ho(:,1)) - To.*(sb2(:,2)- so(:,1))... 
            + e_ch(13);         % FW out (g) 
         
    % Bottom ash properties- enthalpy equations require deg F and result in 
    % enthalpy in Btu/lb.  Conversion added to result in kJ/kg. 
    for i=1:br 
        if b2(i,25) < 600 
            hb2(i,3) = ((7.735829*10^-5*b2(i,25).^2 ... 
                + 0.1702036*b2(i,25) - 13.36106)/0.42992); 
        else 
            hb2(i,3) = ((2.408712*10^-5*b2(i,25).^2 ... 
                + 0.2358873*b2(i,25) - 32.88512)/0.42992); 
        end 
    end 
        eb2(:,3) = (hb2(:,3) - ho_A(:,1)) - To.*(sb2(:,3)); % total exergy of 
BA 
  
  
    % Fly ash properties- enthalpy equations require deg F and result in 
    % enthalpy in Btu/lb.  Conversion added to result in kJ/kg. 
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    for i=1:br 
        if (b2(i,26)+176) < 600 
            hb2(i,4) = (((7.735829*10^-5)*(b2(i,26)+176).^2 ... 
                + 0.1702036*(b2(i,26)+176) - 13.36106)/0.42992); 
        else 
            hb2(i,4) = (((2.408712*10^-5)*(b2(i,26)+176).^2 ... 
                + 0.2358873*(b2(i,26)+176) - 32.88512)/0.42992); 
        end 
    end 
    eb2(:,4) = (hb2(:,4) - ho_A(:,1)) - To.*(sb2(:,4)); % Exergy of FA 
     
    % Chemical exery of ash 
    e_ash_other_b2 = m2o(:,3)*e_ch(1,3)+ m2o(:,15)*e_ch(1,15); 
  
     
% Flue gas properties (assuming limestone effects are negligable) 
    % Determine composition, Cp, and flow exergy of flue gas.  
    for i = 1:br 
        [hb2(i,5),eb2(i,5),Cp_b2(i)] = 
fg_change_To(m_culm_b2(i,1),B2(i,26),To(i)); 
    end 
  
    % Flue gas exergy also contains exergy of gases 
    e_FG_other_b2 = eb2(:,5) + m2o(:,10).*e_ch(:,10) + 
m2o(:,11).*e_ch(:,11)... 
        + m2o(:,12).*e_ch(:,12) + m2o(:,13).*e_ch(:,13)... 
        + m2o(:,14).*e_ch(:,14) + m2o(:,16).*e_ch(:,16); 
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% Function to calculate mass flow rates out of boiler for bottom ash, fly 
% ash, and flue gas with or without limestone (depending on boiler model) 
  
function [m_ba,m_fa,m_fg,X2] = massb2(mod) 
     
    % Declare global variables 
    global UA_r br res M m_PA_b2 m_SA_b2 m_culm_b2 m_lime_b2 m2o m2i 
     %************************************************ 
    % Set up matrices to be used in calculations 
        N2i = zeros(br,16); % Array for molar flow in 
        N2o = zeros(br,16); % Array for molar flow out 
        K = zeros(1,7);     % Array for fractions of culm components 
        m2i = zeros(br,16); % Array for mass flow in 
        m2o = zeros(br,16); % Array for mass flow out 
        m_ba = zeros(br,1); % Array for bottom ash flow 
        m_fg = m_ba;        % Array for flue gas flow 
    %************************************************ 
    % Define known values 
       % Known mass flows (kg/s) 
        mi_air = m_SA_b2 + m_PA_b2;  % Air in (SA includes duct burner air) 
       
        % Fractions of culm compositions 
        for i = 1:7 
           K(1,i) = UA_r(:,i)./100;  
        end        
    %*********************************************** 
    % Initial calculations for flows 
        % Ni (kmol/s) for culm components 
        for i = 1:7 
           N2i(:,i) = m_culm_b2(:,1).*(K(1,i)/M(1,i));   
        end      
         
        % Inflow of limestone 
        N2i(:,8) = m_lime_b2./M(1,8); 
         
        % Inflow of O2 and N2 based on air inflow 
        N2i(:,10) = 0.21*mi_air./M(1,10);  % Ni O2 
        N2i(:,11) = 0.79*mi_air./M(1,11);  % Ni N2 
    %*********************************************** 
    % Calculate extent of reactions and molar flows 
        if mod == 2 % Model BII: NOx taken into account 
            % Estimated NO release 
            N2o(:,16) = 0.013*N2i(:,5); 
             
            % Extent of reactions 
            X2(:,1) = N2i(:,3);                 % X1 = Ni_C 
            X2(:,2) = N2i(:,4);                 % X2 = Ni_H 
            X2(:,3) = N2i(:,6);                 % X3 = Ni_S 
            X2(:,4) = N2i(:,8);                 % X4 = Ni_CaCO3 
            X2(:,5) = X2(:,4);                  % X5 = X4 
            X2(:,6) = N2o(:,16);                % X6 = No_NO 
            X2(:,7) = 0.5*(N2i(:,5)-X2(:,6));   % X7 = (Ni_N -X6)/2 
            X2(:,8) = 0.5*(N2i(:,7)); % X8 = (Ni_O)/2  
  
            % Calc remaining molar flows 
            N2o(:,10) = N2i(:,10) - (1-res)*X2(:,1) - 0.25*X2(:,2)... 
                - X2(:,3) - 0.5*(X2(:,5)+X2(:,6)) + X2(:,8);  % N out O2 
            N2o(:,11) = N2i(:,11) + X2(:,7);        % N out N2 
            N2o(:,12) = (1-res)*X2(:,1) + X2(:,4);  % N out CO2 
            N2o(:,13) = 0.5*X2(:,2) + N2i(:,1);     % N out H20 
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            N2o(:,14) = X2(:,3) - X2(:,5);          % N out SO2 
            N2o(:,15) = X2(:,5);                    % N out CaSO4 
            N2o(:,3) = res*N2i(:,3);                % N out C 
  
        else % Model BI : NOx neglected 
            % Extent of reactions 
            X2(:,1) = N2i(:,3);                 % X1 = Ni_C 
            X2(:,2) = N2i(:,4);                 % X2 = Ni_H 
            X2(:,3) = N2i(:,6);                 % X3 = Ni_S 
            X2(:,4) = N2i(:,8);                 % X4 = Ni_CaCO3 
            X2(:,5) = X2(:,4);                  % X5 = X4 
            X2(:,6) = 0.5*N2i(:,5);             % X6 = 0.5*Ni_N 
            X2(:,7) = 0.5*N2i(:,7);             % X7 = 0.5*Ni_O 
  
            % Calc remaining molar flows 
            N2o(:,10) = N2i(:,10) + X2(:,7) - X2(:,1)- X2(:,3)... 
                - 0.25*X2(:,2) - 0.5*X2(:,5);   % N out O2 
            N2o(:,11) = N2i(:,11)+ X2(:,6);     % N out N2 
            N2o(:,12) = X2(:,1) + X2(:,4);      % N out CO2 
            N2o(:,13) = 0.5*X2(:,2) + N2i(:,1); % N out H20 (g) 
            N2o(:,14) = X2(:,3) - X2(:,5);      % N out SO2 
            N2o(:,15) = X2(:,5);                % N out CaSO4      
        end 
    %************************************************ 
    % Convert to mass flows (kmol/s) to (kg/s) for each species 
        % General conversion 
        for i=1:16 
            m2i(:,i) = N2i(:,i).*M(1,i); 
            m2o(:,i) = N2o(:,i).*M(1,i); 
        end 
         
        % Correct ash conversion 
        m2i(:,2) = K(1,2)*m_culm_b2; 
        m2o(:,2) = m2i(:,2); 
         
        % Limestone mass flow rates 
        m_ba = m2o(:,2)/2; 
        m_fa = m_ba; 
  
        % Flue gas flow rate out 
        for i=1:br 
            m_fg(i,1) = sum(m2o(i,10:16)) - m2o(i,15); % FG = (sum of exiting 
gases) 
        end 
end 
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% Code to calculate useful thermo parameters using previously calculated 
% properties 
%************************************************************************** 
% Clear previous work 
    clear all 
    clc 
%************************************************************************** 
% Declare global variables 
    global Tb_B Tb_T Mn_B  
%************************************************************************** 
% Declare environment and model selection         
    Tb_B = 305;             % Boiler room temp in K 
    Tb_T = 300.15;          % Turbine room temp in K 
    T_chamber = 860+273;    % Temperature in boiler chamber 
    ref_env = 2; 
    Mn_B = 2; 
%************************************************************************** 
 i = open('C:\Documents and Settings\wed8908\My 
Documents\Results\all\defense_std.mat'); 
%************************************************************************** 
% Reference environment conditions 
    if ref_env == 2 
        Po = 0.961; % (bar) chosen by frackville altitude 
        To = xlsread('C:\Documents and Settings\wed8908\My 
Documents\MATLAB\To.xls');  % Environmental temperatures 
    else 
        Po = 1.013; % (bar) standard pressure 
        To = 298; % (K) standard temperature 
    end 
%**************************************************************************      
% Sort through rows to find high and low load scenarios based on the 
% exported electricity being less than 65 MW (low load) or above 85 MW 
% (high load).  The "load" array gives a value of 1 to low loads, 2 to 
% middle loads, and 3 to high loads. 
    load = 2*ones(i.row,1);  % Create an array with default middle load 
    for j=1:i.row 
        if i.Tu(j,22)< 65000        % Low load 
            load(j,1) = 1; 
        elseif i.Tu(j,22) > 85000   % High load 
            load(j,1) = 3; 
        end 
    end  
%************************************************************************** 
% Boiler energy analyses 
    % B1 energy values common to each boiler model 
    Q_u_b1 = i.B1(:,2).*... 
        (i.hb1(:,1)-i.hb1(:,2));                % B1 useful heat transfer 
    Q_culm_b1 = i.m_culm_b1.*i.HHV_r;           % B1 heat content of fuel 
    Q_l_est_b1 = 0.03*Q_culm_b1;                % Estimated heat loss 
    n_b1 = -Q_u_b1./Q_culm_b1;                  % B1 energy efficiency 
     
    % B2 energy values common to each boiler model 
    Q_u_b2 = i.B2(:,2).*... 
        (i.hb2(:,1)-i.hb2(:,2));                % B2 useful heat transfer 
    Q_culm_b2 = i.m_culm_b2.*i.HHV_r;           % B2 heat content of fuel 
    Q_l_est_b2 = 0.03*Q_culm_b2;                % Estimated heat loss 
    n_b2 = -Q_u_b2./Q_culm_b2;                  % B2 energy efficiency 
  
    % Boiler model-specific energy calculations 
    if Mn_B == 1      
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        % Model BI for boiler 1 
        Q_lime_b1_BI = (i.M(1,12)/i.M(1,8))*i.m_lime_b1.*(i.hf_ch(1,12)... 
            + i.cp(1,12)*(i.B1(:,26) + 273))... 
            - i.m_lime_b1.*((i.hf_ch(1,8)))... 
            + i.m1o(:,15).*(i.hf_ch(1,15)... 
            + 0.5*i.cp(1,15)*((i.B1(:,25) + 273)... 
            + (i.B1(:,26)+273)))... 
            - i.m1o(:,14).*((i.hf_ch(1,14))+ i.cp(1,14)... 
            *(i.B1(:,26) + 273));       % Limestone heat transfer 
  
        Q_l_b1_BI = -Q_u_b1 - Q_culm_b1 - Q_lime_b1_BI... 
            + i.B1(:,10).*i.hb1(:,5) + i.B1(:,9).*i.hb1(:,4)... 
            + i.B1(:,8).*i.hb1(:,3);    % Heat loss using energy balance 
         
        Q_T_b1_BI = Q_u_b1 + Q_culm_b1... 
            + Q_l_b1_BI + Q_lime_b1_BI; % Total heat transfer 
  
        % Model BI for boiler 2 
       Q_lime_b2_BI = (i.M(1,12)/i.M(1,8))*i.m_lime_b2.*(i.hf_ch(1,12)... 
            + i.cp(1,12)*(i.B2(:,26) + 273))... 
            - i.m_lime_b2.*((i.hf_ch(1,8)))... 
            + i.m2o(:,15).*(i.hf_ch(1,15)... 
            + 0.5*i.cp(1,15)*((i.B2(:,25) + 273)... 
            + (i.B2(:,26)+273)))... 
            - i.m2o(:,14).*((i.hf_ch(1,14))+ i.cp(1,14)... 
            *(i.B2(:,26) + 273));       % Limestone heat transfer 
  
        Q_l_b2_BI = -Q_u_b2 - Q_culm_b2 - Q_lime_b2_BI... 
            + i.B2(:,10).*i.hb2(:,5) + i.B2(:,9).*i.hb2(:,4)... 
            + i.B2(:,8).*i.hb2(:,3);    % Heat loss using energy balance 
         
        Q_T_b2_BI = Q_u_b2 + Q_culm_b2... 
            + Q_l_b2_BI + Q_lime_b2_BI; % Total heat transfer 
  
    elseif Mn_B == 2         
        % Model BII for boiler 1 
        Q_lime_b1_BII = (i.M(12)/i.M(8))*i.m_lime_b1.*(i.hf_ch(1,12)... 
            + i.cp(1,12)*(i.B1(:,26) + 273))... 
            - i.m_lime_b1.*((i.hf_ch(1,8))... 
            + i.cp(1,8)*(i.B1(:,23) + 273))... 
            + i.m1o(:,15).*(i.hf_ch(1,15)... 
            + 0.5*i.cp(1,15)*((i.B1(:,25) + 273)... 
            + (i.B1(:,26)+273)))... 
            - i.m1o(:,14).*((i.hf_ch(1,14))+ i.cp(1,14)... 
            *(i.B1(:,26) + 273));         % Limestone heat transfer 
         
        Q_l_b1_BII = -Q_u_b1 - Q_culm_b1 - Q_lime_b1_BII... 
            + i.B1(:,10).*i.hb1(:,5) + i.B1(:,9).*i.hb1(:,4)... 
            + i.B1(:,8).*i.hb1(:,3) - i.m_PA_b1.*i.hb1(:,6)... 
            - i.m_SA_b1.*i.hb1(:,7);      % Heat loss using energy balance 
         
        Q_T_b1_BII = Q_u_b1 + Q_l_b1_BII; % Total heat transfer 
         
        % Model BII for boiler 2 
        Q_lime_b2_BII = (i.M(12)/i.M(8))*i.m_lime_b2.*(i.hf_ch(1,12)... 
            + i.cp(1,12)*(i.B2(:,26) + 273))... 
            - i.m_lime_b2.*((i.hf_ch(1,8))... 
            + i.cp(1,8)*(i.B2(:,23) + 273))... 
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            + i.m2o(:,15).*(i.hf_ch(1,15)... 
            + 0.5*i.cp(1,15)*((i.B2(:,25) + 273)... 
            + (i.B2(:,26)+273)))... 
            - i.m2o(:,14).*((i.hf_ch(1,14))+ i.cp(1,14)... 
            *(i.B2(:,26) + 273));        % Limestone heat transfer 
  
        Q_l_b2_BII = -Q_u_b2 - Q_culm_b2 - Q_lime_b2_BII... 
            + i.B2(:,10).*i.hb2(:,5) + i.B2(:,9).*i.hb2(:,4)... 
            + i.B2(:,8).*i.hb2(:,3) - i.m_PA_b2.*i.hb2(:,6)... 
            - i.m_SA_b2.*i.hb2(:,7);      % Heat loss using energy balance 
         
        Q_T_b2_BII = Q_u_b2 + Q_l_b2_BII; % Total heat transfer 
  
    end 
%************************************************************************** 
% Boiler Exergy analysis 
    % B1 exergy values common to each boiler model 
    E_u_b1 = Q_u_b1.*(1-To./T_chamber);          % Useful exergy 
     
    E_culm_b1 = i.m_culm_b1.*(i.e_culm);        % Exergy of culm 
     
    E_air_b1 = i.m_PA_b1.*i.eb1(:,6)...      
        + i.m_SA_b1.*i.eb1(:,7);                % Exergy of air 
     
    E_lime_b1 =  i.m_lime_b1.*i.e_ch(1,8);      % Exergy of limestone 
     
    E_FG_total_b1 = i.B1(:,10).*i.eb1(:,5)... 
        + i.e_FG_other_b1;                      % Flue gas exergy 
     
    E_ash_total_b1 = i.B1(:,8).*i.eb1(:,3)... 
        + i.B1(:,9).*i.eb1(:,4)... 
        + i.e_ash_other_b1;                     % Total ash exergy  
     
    eps_b1 = E_u_b1./E_culm_b1;                 % Exergy efficiency 
         
    E_l_b1 = Q_l_b1_BII.*(1-To./Tb_B);           % Lost exergy 
     
    % B2 exergy values common to each boiler model 
    E_u_b2 = Q_u_b2.*(1-To./T_chamber);          % Useful exergy 
     
    E_culm_b2 = i.m_culm_b2.*(i.e_culm);        % Exergy of culm 
     
    E_air_b2 = i.m_PA_b2.*i.eb2(:,6)...      
        + i.m_SA_b2.*i.eb2(:,7);                % Exergy of air 
     
    E_lime_b2 =  i.m_lime_b2.*i.e_ch(1,8);      % Exergy of limestone 
     
    E_FG_total_b2 = i.B2(:,10).*i.eb2(:,5)... 
        + i.e_FG_other_b2;                      % Flue gas exergy 
     
    E_ash_total_b2 = i.B2(:,8).*i.eb2(:,3)... 
        + i.B2(:,9).*i.eb2(:,4)... 
        + i.e_ash_other_b2;                     % Total ash exergy 
     
    eps_b2 = E_u_b2./E_culm_b2;                 % Exergy efficiency 
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    E_l_b2 = Q_l_b2_BII.*(1-To./Tb_B);           % Lost exergy 
  
    % Boiler model-specific energy calculations 
    if Mn_B == 1   
        % Model BI for boiler 1 
        E_l_BI_b1 = Q_l_BI_b1.*(1-To./Tb_B);     % BI Exergy loss 
         
        Ed_BI_b1 = E_u_b1 + E_l_BI_b1... 
            + E_air_b1 + E_culm_b1 + E_lime_b1... 
            - (E_ash_total_b1 + E_FG_total_b1); % BI Ed from exergy balance 
                 
        % Model BI for boiler 2 
        E_l_BI_b2 = Q_l_BI_b2.*(1-To./Tb_B);     % BI Exergy loss 
         
        Ed_BI_b2 = E_u_b2 + E_l_BI_b2... 
            + E_air_b2 + E_culm_b2 + E_lime_b2... 
            - (E_ash_total_b2 + E_FG_total_b2); % BI Ed from exergy balance 
         
    elseif Mn_B == 2   
     % Model BII for boiler 1 
        E_l_b1_BII = Q_l_b1_BII.*(1-To./Tb_B);   % BII Exergy loss 
         
        Ed_BII_b1 = E_u_b1 + E_l_b1_BII... 
            + E_air_b1 + E_culm_b1 + E_lime_b1... 
            - (E_ash_total_b1 + E_FG_total_b1); % BII Ed from exergy balance 
         
         
     % Model BII for boiler 1 
        E_l_b2_BII = Q_l_b2_BII.*(1-To./Tb_B);   % BII Exergy loss 
         
        Ed_BII_b2 = E_u_b2 + E_l_b2_BII... 
            + E_air_b2 + E_culm_b2 + E_lime_b2... 
            - (E_ash_total_b2 + E_FG_total_b2); % BII Ed from exergy balance 
    end 
     
%************************************************************************** 
% Combined boiler effects 
    if Mn_B == 1  % Boiler model BI 
        Q_l_total_B = Q_l_b1_BI + Q_l_b2_BI;   % Total boiler heat loss 
        Q_u_total_B = Q_u_b1 + Q_u_b2;         % Total useful heat transfer 
        Q_culm_total = Q_culm_b1 + Q_culm_b2;  % Total heat input from culm 
        n_B_avg = (n_b1+n_b2)./2;              % Average boiler efficiency 
  
        E_l_total_B = E_l_b1_BI + E_l_b2_BI;   % Total exergy loss 
        Ed_total_B = Ed_BI_b1 + Ed_BI_b1;      % Total exergy destruction 
        E_in_B = E_culm_b1 + E_culm_b2;        % Total culm exergy 
        E_air_total_B = E_air_b1 + E_air_b2;   % Total exergy of air 
        E_lime_total_B = E_lime_b1 + E_lime_b2;% Total exergy of limestone 
        E_ash_total_B = E_ash_total_b1... 
            +E_ash_total_b2;                   % Total exergy of ash 
        E_FG_total_B = E_FG_total_b1... 
            + E_FG_total_b2;                   % Total exergy of FG 
        eps_avg_B = (eps_b1 + eps_b2)./2;      % Average boiler exergy eff. 
    else  % Boiler model BII 
        Q_l_total_B = Q_l_b1_BII + Q_l_b2_BII; % Total boiler heat loss 
        Q_u_total_B = Q_u_b1 + Q_u_b2;         % Total useful heat transfer 
        Q_culm_total = Q_culm_b1 + Q_culm_b2;  % Total heat input from culm 
        n_B_avg = (n_b1+n_b2)./2;              % Average boiler efficiency 
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        E_l_total_B = E_l_b1_BII + E_l_b2_BII; % Total exergy loss 
        Ed_total_B = Ed_BII_b1 + Ed_BII_b1;    % Total exergy destruction 
        E_in_B = E_culm_b1 + E_culm_b2;        % Total culm exergy 
        E_air_total_B = E_air_b1 + E_air_b2;   % Total exergy of air 
        E_lime_total_B = E_lime_b1 + E_lime_b2;% Total exergy of limestone 
        E_ash_total_B = E_ash_total_b1... 
            +E_ash_total_b2;                   % Total exergy of ash 
        E_FG_total_B = E_FG_total_b1... 
            + E_FG_total_b2;                   % Total exergy of FG 
        eps_avg_B = (eps_b1 + eps_b2)./2;      % Average boiler exergy eff. 
    end 
%************************************************************************** 
% Condenser Analysis 
    Q_C = i.C(:,7).*i.hc(:,7) - i.C(:,3).*i.hc(:,3)... 
        - i.C(:,4).*i.hc(:,4)- i.C(:,5).*i.hc(:,5)... 
        - i.C(:,6).*i.hc(:,6);      % Heal transfer to cooling water 
  
    m_CW = -Q_C./(i.hf(:,2) - i.hf(:,1));  % Flow rate of cooling water 
     
    i.C(:,1) = m_CW;                  % Insert cooling water flow into C 
    i.C(:,2) = m_CW;                  % Insert cooling water flow into C 
     
    E_l_C = Q_C.*(1-To(:,1)./Tb_T);        % Exergy loss 
     
    Ed_C = E_l_C + i.C(:,3).*i.ec(:,3)... 
        + i.C(:,4).*i.ec(:,4)+ i.C(:,5).*i.ec(:,5)... 
        + i.C(:,6).*i.ec(:,6)... 
        - i.C(:,7).*i.ec(:,7);      % Exergy destroyed at condenser 
%************************************************************************** 
% FWH exergy analysis 
    Ed_1_F = i.F(:,8).*i.ef(:,8) + i.F(:,11).*i.ef(:,11)... 
        + i.F(:,1).*(i.ef(:,1)-i.ef(:,2))... 
        - i.F(:,9).*i.ef(:,9);                          % Ed FWH 1 
     
    Ed_2_F = i.F(:,2).*(i.ef(:,2) - i.ef(:,3))... 
        + i.F(:,10).*(i.ef(:,10) - i.ef(:,11));         % Ed FWH 2 
     
    Ed_DA_F = i.F(:,12).*i.ef(:,12) + i.F(:,3).*i.ef(:,3)... 
        + i.F(:,14).*i.ef(:,14)- i.F(:,4).*i.ef(:,4);   % Ed DA 
     
    Ed_4_F = i.F(:,13).*i.ef(:,13) + i.F(:,16).*i.ef(:,16)... 
        + i.F(:,5).*(i.ef(:,5)-i.ef(:,6))... 
        - i.F(:,14).*i.ef(:,14);                        % Ed FWH 4 
     
    Ed_5_F = i.F(:,15).*(i.ef(:,15) - i.ef(:,16))... 
        + i.F(:,7).*(i.ef(:,6) - i.ef(:,7));            % Ed FWH 5 
     
    Ed_total_F = Ed_1_F + Ed_2_F + Ed_DA_F... 
        + Ed_4_F + Ed_5_F;                          % Total Ed through FWHs 
%************************************************************************** 
%Turbine and generator analysis 
    % Energy analysis   
    Q_process = i.Tu(:,25).*(i.hc(:,4)-i.ht(:,2));  % Process heat 
  
    % Using method I- operational data for generator export to find turbine 
    % work 
    W_gen = i.Tu(:,22);             % Work produced by generator 
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    W_TI = (1/i.ngen)*W_gen;        % Turbine work using generator export 
    Q_l_TI = -i.H*W_TI;             % Turbine heat loss using method I 
     
    % Using method II- using energy balance around turbine  
    W_TII = (i.Tu(:,1).*i.ht(:,1) - i.Tu(:,2).*i.ht(:,2)... 
            - i.Tu(:,3).*i.ht(:,3) - i.Tu(:,4).*i.ht(:,4)... 
            - i.Tu(:,5).*i.ht(:,5)- i.Tu(:,6).*i.ht(:,6)... 
            - i.Tu(:,7).*i.ht(:,7))/(1+i.H);      % Turbine work  
         
    W_s_TII = (i.Tu(:,1).*i.ht(:,1) - i.Tu(:,2).*i.hts(:,2)... 
            - i.Tu(:,3).*i.hts(:,3) - i.Tu(:,4).*i.hts(:,4)... 
            - i.Tu(:,5).*i.hts(:,5)- i.Tu(:,6).*i.hts(:,6)... 
            - i.Tu(:,7).*i.hts(:,7));     % Turbine isentropic work 
         
    W_gen_TII = W_TII*i.ngen;  % Generator export using W_TII 
     
    Q_l_TII = -i.H*W_TII;       % Turbine heat loss using method II 
     
    nTs = W_TII./W_s_TII;       % Isentropic turbine efficiency 
  
    % Exergy analysis 
    E_process = i.Tu(:,25).*(i.ec(:,4)-i.et(:,2)); % Process steam exergy 
  
    % Using method I 
    E_l_TI = Q_l_TI.*(1-To(:,1)./Tb_T);       % Exergy loss  
     
    sig_TI = i.Tu(:,2).*i.st(:,2) + i.Tu(:,3).*i.st(:,3)... 
        + i.Tu(:,4).*i.st(:,4) + i.Tu(:,5).*i.st(:,5)... 
        + i.Tu(:,6).*i.st(:,6) + i.Tu(:,7).*i.st(:,7) ... 
        - i.Tu(:,1).*i.st(:,1)... 
        - (1/Tb_T)*Q_l_TI;              % Entropy production using W_TI 
     
    Ed_TI_e = -i.Tu(:,2).*i.et(:,2) - i.Tu(:,3).*i.et(:,3)... 
        - i.Tu(:,4).*i.et(:,4) - i.Tu(:,5).*i.et(:,5)... 
        - i.Tu(:,6).*i.et(:,6) - i.Tu(:,7).*i.et(:,7) ... 
        + i.Tu(:,1).*i.et(:,1)... 
        + E_l_TI - W_TI;    % Ed using exergy bal. 
     
    Ed_TI = To(:,1).*sig_TI;                  % Ed at turbine 
     
    eps_TI = (W_TI)./(i.Tu(:,1).*i.et(:,1)... 
        -i.Tu(:,7).*i.et(:,7)); % Exergy efficiency of turbine using W_TI 
     
    % Using method II 
    E_l_TII = Q_l_TII.*(1-To(:,1)./Tb_T);     % Exergy loss  
     
    sig_TII = i.Tu(:,2).*i.st(:,2) + i.Tu(:,3).*i.st(:,3)... 
        + i.Tu(:,4).*i.st(:,4) + i.Tu(:,5).*i.st(:,5)... 
        + i.Tu(:,6).*i.st(:,6) + i.Tu(:,7).*i.st(:,7) ... 
        - i.Tu(:,1).*i.st(:,1) - (1/Tb_T)*Q_l_TII;  % Entropy production  
     
    Ed_TII_e = -i.Tu(:,2).*i.et(:,2) - i.Tu(:,3).*i.et(:,3)... 
        - i.Tu(:,4).*i.et(:,4) - i.Tu(:,5).*i.et(:,5)... 
        - i.Tu(:,6).*i.et(:,6) - i.Tu(:,7).*i.et(:,7) ... 
        + i.Tu(:,1).*i.et(:,1)... 
        + E_l_TII - W_TII;              % Ed using exergy bal. 
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    Ed_TII = To(:,1).*sig_TII;        % Exergy destroyed at turbine using 
W_TII 
     
    eps_TII = (W_TII)./(i.Tu(:,1).*i.et(:,1)... 
        -i.Tu(:,7).*i.et(:,7)); % Exergy efficiency of turbine using W_TII 
%************************************************************************** 
% Plant analysis 
    % Energy values 
    Q_u_total_P = Q_u_total_B;              % Total useful heat transfer 
    Q_in_P = Q_culm_total;                  % Total heat input from culm 
         
    % Internal power use 
    W_export_P = i.tu(:,26)*1000;           % Exported kW 
    W_internal_P = W_gen - W_export_P;      % Internal power use 
     
    % Plant energy analysis using TI 
    Q_l_total_P_TI = Q_l_total_B + Q_C... 
        + Q_l_TI;                           % Total plant heat loss 
     
    EUF_P_TI = (-Q_process... 
        + W_export_P)./(Q_in_P);            % Plant EUF 
     
    n_th_P_TI = (W_export_P)./(Q_in_P);     % Plant thermal efficiency 
      
    % Plant energy analysis using TII 
    Q_l_total_P_TII = Q_l_total_B + Q_C... 
        + Q_l_TII;                          % Total plant heat loss  
     
    W_export_P_TII = W_gen_TII... 
        - W_internal_P;                     % Exported kW 
     
    EUF_P_TII = (-Q_process... 
        + W_export_P_TII)./(Q_in_P);        % Plant EUF 
     
    n_th_P_TII = (W_export_P_TII)./(Q_in_P); % Plant energy efficiency 
  
        % Exergy values     
    E_in_total = E_in_B + (i.m_PA_b1 + i.m_SA_b1... 
        + i.m_PA_b2 + i.m_SA_b2).*(0.21*i.e_ch(10)... 
        + 0.79*i.e_ch(11));                  % Total exergy into plant 
     
    % Plant exergy analysis using TI 
    Ed_total_P_TI = Ed_TI + Ed_BII_b1 + Ed_BII_b2 + Ed_C... 
        + Ed_total_F;           % Total exergy destroyed through the plant 
     
    E_l_P_TI = E_l_total_B + E_l_C + E_l_TI;   % Exergy loss 
  
    E_out_u_TI = W_export_P - E_process;       % Valued exergy output 
     
    E_out_total_TI = E_ash_total_B + E_FG_total_B... 
        + E_out_u_TI - E_l_P_TI;               % Total exergy out of plant 
     
    eps_P_TI = E_out_u_TI./E_in_B;             % Exergy efficiency of plant 
         
    % Plant exergy analysis using TII     
    Ed_total_P_TII = Ed_TII_e + Ed_BII_b1 + Ed_BII_b2... 
        + Ed_C + Ed_total_F;                   % Total Ed through the plant 
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    E_l_P_TII = E_l_total_B + E_l_C + E_l_TII; % Exergy loss 
  
    E_out_u_TII = W_export_P_TII - E_process;  % Valued exergy output 
     
    E_out_total_TII = E_ash_total_B + E_FG_total_B... 
        + E_out_u_TII - E_l_P_TII;             % Total exergy out of plant 
  
    eps_P_TII = E_out_u_TII./E_in_B;           % Exergy efficiency of plant     
     
%************************************************************************** 
% Operational load comparisons 
l = 1; 
t = 1; 
h = 1; 
for j=1:i.row 
   if load(j) == 1         % Low load 
       n_B_avg_low(l) = n_B_avg(j); 
       eps_avg_B_low(l) = eps_avg_B(j) ; 
       nTs_low(l) = nTs(j) ; 
       eps_T(l) = eps_TI(j); 
        
       Q_l_total_P_TI_low(l) = Q_l_total_P_TI(j) ; 
       W_export_P_low(l) = W_export_P(j); 
       Q_in_P_low(l) = Q_in_P(j); 
       EUF_P_TI_low(l) = EUF_P_TI(j); 
       n_th_P_TI_low(l) = n_th_P_TI (j); 
        
       Ed_total_P_TI_low(l) = Ed_total_P_TI(j); 
       E_in_total_low(l) = E_in_total(j) ; 
       E_l_P_TI_low(l) = E_l_P_TI(j) ; 
       E_out_u_TI_low(l) = E_out_u_TI(j); 
       eps_P_TI_low(l) = eps_P_TI(j) ; 
        
       l=l+1; 
   elseif load(j) == 2     % Transitional load 
       n_B_avg_tran(t) = n_B_avg(j); 
       eps_avg_B_tran(t) = eps_avg_B(j) ; 
       nTs_tran(t) = nTs(j) ; 
        
       Q_l_total_P_TI_tran(t) = Q_l_total_P_TI(j) ; 
       W_export_P_tran(t) = W_export_P(j); 
       Q_in_P_tran(t) = Q_in_P(j); 
       EUF_P_TI_tran(t) = EUF_P_TI(j); 
       n_th_P_TI_tran(t) = n_th_P_TI (j); 
        
       Ed_total_P_TI_tran(t) = Ed_total_P_TI(j); 
       E_in_total_tran(t) = E_in_total(j) ; 
       E_l_P_TI_tran(t) = E_l_P_TI(j) ; 
       E_out_u_TI_tran(t) = E_out_u_TI(j); 
       eps_P_TI_tran(t) = eps_P_TI(j);  
        
       t = t+1; 
   elseif load(j) == 3     % High load 
       n_B_avg_high(h) = n_B_avg(j); 
       eps_avg_B_high(h) = eps_avg_B(j) ; 
       nTs_high(h) = nTs(j) ; 
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       Q_l_total_P_TI_high(h) = Q_l_total_P_TI(j) ; 
       W_export_P_high(h) = W_export_P(j); 
       Q_in_P_high(h) = Q_in_P(j); 
       EUF_P_TI_high(h) = EUF_P_TI(j); 
       n_th_P_TI_high(h) = n_th_P_TI (j); 
        
       Ed_total_P_TI_high(h) = Ed_total_P_TI(j); 
       E_in_total_high(h) = E_in_total(j) ; 
       E_l_P_TI_high(h) = E_l_P_TI(j) ; 
       E_out_u_TI_high(h) = E_out_u_TI(j); 
       eps_P_TI_high(h) = eps_P_TI(j); 
        
       h = h+1; 
   end    
end 
  
% Results of low/trans/high analysis 
R_Op_load(1,1)=mean(n_B_avg_low); 
R_Op_load(2,1)=mean(eps_avg_B_low); 
R_Op_load(3,1)=mean(nTs_low); 
R_Op_load(4,1)=mean(Q_in_P_low)/1000; 
R_Op_load(5,1)=mean(Q_l_total_P_TI_low)/1000; 
R_Op_load(6,1)=mean(W_export_P_low)/1000; 
R_Op_load(7,1)=mean(EUF_P_TI_low); 
R_Op_load(8,1)=mean(n_th_P_TI_low); 
R_Op_load(9,1)=mean(E_in_total_low)/1000; 
R_Op_load(10,1)=mean(E_out_u_TI_low)/1000; 
R_Op_load(11,1)=mean(E_l_P_TI_low)/1000; 
R_Op_load(12,1)=mean(Ed_total_P_TI_low)/1000; 
R_Op_load(13,1)=mean(eps_P_TI_low); 
  
R_Op_load(1,2)=mean(n_B_avg_tran); 
R_Op_load(2,2)=mean(eps_avg_B_tran); 
R_Op_load(3,2)=mean(nTs_tran); 
R_Op_load(4,2)=mean(Q_in_P_tran)/1000; 
R_Op_load(5,2)=mean(Q_l_total_P_TI_tran)/1000; 
R_Op_load(6,2)=mean(W_export_P_tran)/1000; 
R_Op_load(7,2)=mean(EUF_P_TI_tran); 
R_Op_load(8,2)=mean(n_th_P_TI_tran); 
R_Op_load(9,2)=mean(E_in_total_tran)/1000; 
R_Op_load(10,2)=mean(E_out_u_TI_tran)/1000; 
R_Op_load(11,2)=mean(E_l_P_TI_tran)/1000; 
R_Op_load(12,2)=mean(Ed_total_P_TI_tran)/1000; 
R_Op_load(13,2)=mean(eps_P_TI_tran); 
  
R_Op_load(1,3)=mean(n_B_avg_high); 
R_Op_load(2,3)=mean(eps_avg_B_high); 
R_Op_load(3,3)=mean(nTs_high); 
R_Op_load(4,3)=mean(Q_in_P_high)/1000; 
R_Op_load(5,3)=mean(Q_l_total_P_TI_high)/1000; 
R_Op_load(6,3)=mean(W_export_P_high)/1000; 
R_Op_load(7,3)=mean(EUF_P_TI_high); 
R_Op_load(8,3)=mean(n_th_P_TI_high); 
R_Op_load(9,3)=mean(E_in_total_high)/1000; 
R_Op_load(10,3)=mean(E_out_u_TI_high)/1000; 
R_Op_load(11,3)=mean(E_l_P_TI_high)/1000; 
R_Op_load(12,3)=mean(Ed_total_P_TI_high)/1000; 
R_Op_load(13,3)=mean(eps_P_TI_high); 
%************************************************************************** 
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% Increased process steam analysis 
    % Mass flow rate calculations 
    m_proc = 0.0333*i.Tu(:,1);                      % Maximum process steam 
     
    m_T2_proc = i.Tu(:,2) + (m_proc-i.Tu(:,25));    % Flow through Ext. 5 
     
    m_T7_proc = i.Tu(:,1) - m_T2_proc - i.Tu(:,3) - i.Tu(:,4)... 
        - i.Tu(:,5) - i.Tu(:,6);                    % Flow through exhaust 
     
    % Turbine energy analysis 
    W_T_proc = (i.Tu(:,1).*i.ht(:,1) - m_T2_proc.*i.ht(:,2)... 
            - i.Tu(:,3).*i.ht(:,3) - i.Tu(:,4).*i.ht(:,4)... 
            - i.Tu(:,5).*i.ht(:,5)- i.Tu(:,6).*i.ht(:,6)... 
            - m_T7_proc.*i.ht(:,7))/(1+i.H); % W_T w/ max process steam  
  
    Ws_T_proc = (i.Tu(:,1).*i.ht(:,1) - m_T2_proc.*i.hts(:,2)... 
            - i.Tu(:,3).*i.hts(:,3) - i.Tu(:,4).*i.hts(:,4)... 
            - i.Tu(:,5).*i.hts(:,5)- i.Tu(:,6).*i.hts(:,6)... 
            - m_T7_proc.*i.hts(:,7));        % Ws_T with max process steam 
  
    W_gen_proc = i.ngen*W_T_proc;                   % Generator export 
     
    Q_l_T_proc = -i.H*W_T_proc;                     % Turbine heat loss 
     
    Q_process_proc = m_proc.*(i.hc(:,4)-i.ht(:,2)); % Max process heat 
     
    nTs_proc = W_T_proc./Ws_T_proc;                 % Isentropic efficency 
  
    % Turbine exergy analysis 
    sig_T_proc = m_T2_proc.*i.st(:,2)... 
        + i.Tu(:,3).*i.st(:,3) + i.Tu(:,4).*i.st(:,4) ... 
        + i.Tu(:,5).*i.st(:,5) + i.Tu(:,6).*i.st(:,6)... 
        + m_T7_proc.*i.st(:,7)- i.Tu(:,1).*i.st(:,1)... 
        - (1/Tb_T)*Q_l_T_proc;          % Entropy production rate 
  
    Ed_T_proc = To(:,1).*sig_T_proc;          % Exergy destroyed at turbine 
     
    E_process_proc = m_proc.*(i.ec(:,4)-i.et(:,2));   % Max process exergy 
     
    eps_T_proc = (W_T_proc)./mean(i.Tu(:,1).*i.et(:,1)... 
        -m_T7_proc.*i.et(:,7));             % Exergy efficiency 
     
    % Plant analysis with max process steam 
    W_export_P_proc = W_gen_proc - W_internal_P;     % Plant export 
     
    E_out_u_P_proc = W_export_P_proc - E_process_proc; % Exergy leaving plant 
     
    EUF_proc = (-Q_process_proc + W_export_P_proc)./(Q_in_P); % EUF  
     
    n_th_proc = (W_export_P_proc)./(Q_in_P);  % Plant energy efficiency  
     
    eps_P_proc = E_out_u_P_proc./E_in_B;        % Plant exergy eff     
  
%************************************************************************** 
% Turbine reheat analysis- uses average operational data 
    % Define properties downstream from reheat 
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    s_T1 = mean(i.st(:,1));             % Average entropy at turbine inlet 
     
    % Turbine Exhaust 
    T_T7 = mean(i.Tu(:,14)) + 30;       % Increased exhaust temperature 
    p_T7 = mean(i.Tu(:,21));            % Average pressure at exhaust 
    h_T7 = XSteam('h_pT',p_T7,T_T7);    % Exhaust enthalpy 
    s_T7 = XSteam('s_pT',p_T7,T_T7);    % Exhaust entropy 
    e_T7 = (h_T7 - i.ho) - mean(To)*(s_T7 - i.so);    % Exhaust exergy flow 
     
    % Extraction 1 
    T_T6 = T_T7/0.4;                    % New Ext. 1 temperature 
    p_T6 = mean(i.Tu(:,20));            % Average pressure at Ext. 1 
    h_T6 = XSteam('h_pT',p_T6,T_T6);    % Ext. 1 enthalpy 
    s_T6 = XSteam('s_pT',p_T6,T_T6);    % Ext. 1 entropy 
    e_T6 = (h_T6 - i.ho) - mean(To)*(s_T6 - i.so);    % Ext. 1 exergy flow 
     
    % Extraction 2 
    T_T5 = T_T6/0.7;                    % New Ext. 2 temperature 
    p_T5 = mean(i.Tu(:,19));            % Average pressure at Ext. 2 
    h_T5 = XSteam('h_pT',p_T5,T_T5);    % Ext. 2 enthalpy 
    s_T5 = XSteam('s_pT',p_T5,T_T5);    % Ext. 2 entropy 
    e_T5 = (h_T5 - i.ho) - mean(To)*(s_T5 - i.so);    % Ext. 2 exergy flow 
     
    % Reaheat flow from turbine to boiler 
    T_R1 = mean(i.Tu(:,11));            % Temperature - average Ext. 3 
    p_R1 = mean(i.Tu(:,18));            % Pressure - average Ext. 3 
    h_R1 = XSteam('h_pT',p_R1,T_R1);    % Enthalpy 
    s_R1 = XSteam('s_pT',p_R1,T_R1);    % Entropy 
    e_R1 = (h_R1 - i.ho) - mean(To)*(s_R1 - i.so);    % Flow exergy 
     
    % Reheat return to turbine 
    T_R2 = T_T5*1.5;                    % Temperature increase by %150 
    p_R2 = p_R1;                        % Constant pressure through reheat 
    h_R2 = XSteam('h_pT',p_R2,T_R2);    % Enthalpy 
    s_R2 = XSteam('s_pT',p_R2,T_R2);    % Entropy 
    e_R2 = (h_R2 - i.ho) - mean(To)*(s_R2 - i.so);    % Exergy flow 
     
    % Isentropic enthalpies downstream of reheat 
    hs_T7 = XSteam('h_ps',p_T7,s_R2);   % Isentropic enthalpy 
    hs_T6 = XSteam('h_ps',p_T6,s_R2);   % Isentropic enthalpy 
    hs_T5 = XSteam('h_ps',p_T5,s_R2);   % Isentropic enthalpy 
    hs_R1 = XSteam('h_ps',p_R1,s_T1);   % Isentropic enthalpy 
  
    % Mass flow rates for reheat 
    m_R = mean(i.Tu(:,1) - i.Tu(:,2)... 
        - i.Tu(:,3) - i.Tu(:,4));               % Reheat steam flow  
    m_x = mean(i.Tu(:,1) - i.Tu(:,2)... 
        - i.Tu(:,3));                           % Flow of Ext. 3 and reheat 
     
    % Turbine energy analysis with reheat   
    Q_R = m_R*(h_R2 - h_R1);        % Heat transfer into reheat steam 
     
    m_R_culm = Q_R/i.HHV_r;         % Culm required for reheat 
     
    W_T_R = mean((m_R*h_R2 + i.Tu(:,1).*i.ht(:,1)... 
        - i.Tu(:,2).*i.ht(:,2)- i.Tu(:,3).*i.ht(:,3)... 
        - m_x.*i.ht(:,4) - i.Tu(:,5).*h_T5- i.Tu(:,6).*h_T6... 
        - i.Tu(:,7).*h_T7)/(1+i.H));    % Turbine work 
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    W_s_T_R = mean((m_R*h_R2 + i.Tu(:,1).*i.ht(:,1)... 
        - i.Tu(:,2).*i.hts(:,2)- i.Tu(:,3).*i.hts(:,3)... 
        - m_x.*hs_R1 - i.Tu(:,5).*hs_T5- i.Tu(:,6).*hs_T6... 
        - i.Tu(:,7).*hs_T7));   % Turbine isentropic work  
     
    nTs_R = W_T_R/W_s_T_R;              % Isentropic eff.  
     
    Q_l_T_R = -(i.H)*W_T_R;             % Turbine heat loss 
     
    W_gen_R = W_T_R*i.ngen;             % New generator work 
     
    % Turbine exergy analysis 
    E_l_T_R = Q_l_T_R*(1-mean(To)/Tb_T);      % Exergy loss  
     
    eps_T_R = (W_T_R)./mean(i.Tu(:,1).*i.et(:,1)... 
        -i.Tu(:,7).*e_T7);          % Turbine exergy efficiency  
     
    Ed_T_R_e = mean(m_R*e_R2 + i.Tu(:,1).*i.et(:,1)... 
        - i.Tu(:,2).*i.et(:,2) - i.Tu(:,3).*i.et(:,3)... 
        - m_x.*i.et(:,4) - i.Tu(:,5).*e_T5... 
        - i.Tu(:,6).*e_T6 - i.Tu(:,7).*e_T7)... 
        + E_l_T_R - W_T_R;          % Exergy destruction  
     
    sig_T_R = mean(-m_R*s_R2 - i.Tu(:,1).*i.st(:,1)... 
        + i.Tu(:,2).*i.st(:,2)+ i.Tu(:,3).*i.st(:,3)... 
        + m_x.*i.st(:,4) + i.Tu(:,5).*s_T5... 
        + i.Tu(:,6).*s_T6 + i.Tu(:,7).*s_T7)... 
        - (1/Tb_T)*Q_l_T_R;                     % Entropy production rate 
     
    Ed_T_R = mean(To)*sig_T_R;                        % Ed at turbine 
  
    % Plant energy analysis with reheat 
    W_export_P_R = W_gen_R - mean(W_internal_P); % Exported power 
     
    Q_in_R = mean(Q_culm_b1 + Q_culm_b2) + Q_R;  % Total heat input  
     
    m_culm_P_R = mean(i.m_culm_b1 + i.m_culm_b2)... 
        + m_R_culm;                              % Total culm use  
     
    Q_u_R = mean(Q_u_total_P - Q_R);             % Useful heat transfer  
     
    EUF_R = mean((-Q_process + W_export_P_R)./Q_in_R); % EUF  
     
    n_th_R = (W_export_P_R)./(Q_in_R);           % Plant thermal efficiency  
     
    % Plant exergy analysis with reheat 
    E_u_R = mean(Q_u_R.*(1-mean(To)/T_chamber));      % Useful exergy 
     
    E_in_R = E_culm_b1 + E_culm_b2 + i.e_culm*m_R_culm; % Exergy into plant 
     
    E_out_u_R = W_export_P_R - E_process;         % Exergy out  
     
    eps_P_R = E_out_u_R./E_in_R;                  % Exergy efficiency  
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Abstract. Within the last few decades, the importance of reducing negative human impacts on the environment has 
been recognized and established as a desirable goal.  A number of methods have been employed to target and 
reduce negative impacts.  Thermodynamics have been heavily used to identify system inefficiencies and identify 
ways in which inefficiencies can be reduced.  More recently, exergy,a concept based on the second law of 
thermodynamics, has been used as an improvement on energy analysis alone. This paper discusses plans to re-
examine an analysis of an 88.4 MW culm-based cogeneration power plant in the United States.  An extended 
literature review and an overview of the planned research will be discussed. The plant in question uses local 
deposits of culm, a pollutant waste product of anthracite coal mining, as a feedstock.  Before use within the plant, 
the culm is processed in a nearby facility to remove indigenous rock from usable coal. The previous work included 
limited first and second law analyses applied to actual operating data collected from the power plant; the planned 
work will expand the original work to generate a more complete and useful evaluation of the plant.  Energy and 
exergy efficiencies will be determined at both component and system levels.  The final analysis will also include an 
extended externality study to examine the impacts of the plant in terms of the environment, economics, and human 
health.  The externality study of this particular plant is somewhat more complex than that of a traditional power 
plant because while pollutants are released into the environment through the energy conversion process, culm is 
removed from the surrounding area, which is beneficial.  Further, rock and ash from the combustion process are 
used for the reclamation of land previously covered with culm.  A lifecycle assessment will be performed during the 
externalities study to examine the environmental impacts of the plant.  Exergy will be used through these analyses 
in order to quantify the many inputs and outputs of the system on a single scale.  Once the extention of the previous 
analysis is complete, further research plans include component optimization and implementation of practical 
system improvements.    
  
Keywords:  Cogeneration, culm, exergy, externalities  
  
1. INTRODUCTION 
  
Newer and stricter emission policies appear as the impacts of pollution on the environment, natural resources, 
and human health are more fully understood.  For ethical, legal, and economic reasons, power generation companies 
must work towards improving their overall plant efficiencies, lower their emissions, and all in all strive for more 
benign power production.  The John B. Rich Memorial Power Station in Frackville, PA is designed in such a way 
that it produces fewer negative impacts on the environment than traditional coal-fired plants and therefore produces 
fewer impacts on human health and natural resources.  The power station is a cogeneration power plant, meaning 
that a number of what would traditionally be waste streams are redirected to do useful work.   
The plant feedstock is culm.  Culm is a by-product of anthracite coal mining that has accumulated over the 
decades of Pennsylvania coal mining.  During active mining, culm is deposited in huge piles around the mining area.  
Over time, these deposits leak harmful pollutants into the soil and ground water, making the land unable to support 
plant life. 
The extended analysis of the cogeneration power plant will rely heavily on two methods of analysis: exergetic 
analysis and externality studies.  The former analysis is useful in identifying processes within a system in which 
thermodynamic losses and waste occur.  As discussed by Curtiss et al. (1996), externality studies focus on costs 
associated with a given process that have not been internalized by market forces or government regulations.  In 
simple terms, externalities are unpaid for impacts caused by one party that affect another party.   
In order to quantify the performance of the plant based on exergetic and externality analyses, a number of 
parameters will be examined.  Parameters are areas of interest that will provide some insight into how the plant is 
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performing or affecting the surrounding area.  Exergy parameters will include exergy destroyed and exergetic 
efficiency, while externality parameters will include the effects of the culm banks and the effects of emissions.   
 
2.  DISCUSSION OF EXERGY 
 
Exergy can be explained simply as the amount of energy, relative to the environment, or dead state, which is 
available to do useful work.  The reference environment is defined by a surrounding area with uniform temperature, 
pressure, and chemical composition, as explained by Moran and Shapiro (2004) and by Dewulf et al. (2007).  As 
discussed by Chengquin et al. (2002), an improperly chosen dead state condition can lead to a poor estimation of the 
system’s exergetic efficiency.  It is important that the reference environment be carefully chosen in order to create a 
meaningful exergetic analysis or model because exergy is relative; different dead state choices can lead to different 
analysis outcomes. 
Energy analyses are based on the first law of thermodynamics, but exergy analyses are based on the second law.  
In a recent work, Dewulf et al. (2008) explain that traditional system analysis methods are somewhat limited in the 
information they can provide; energy analysis does not make a distinction between energy that is usable in a 
practical sense and energy that is not.  As per its definition, exergy can be destroyed as a result of irreversibilities in 
a system; this characteristic makes it a valuable tool for determining useful system and component level efficiencies.  
Exergy can also be used in externalities studies, coupled with economics in thermoeconomic analyses, and 
incorporated in lifecycle assessments (LCA).  
Exergy has been successfully applied to the analysis of various power generation plants.  Rosen and Dincer 
(2003) discuss the application of exergy to the improvement of a coal-fired electricity generation plant, resulting in 
suggestions for improving efficiencies for major plant subsystems such as the boiler, condenser, and heat 
exchangers.  In a different article, Rosen et al. (2005) use energy and exergy analyses on three configurations of a 
cogeneration-based district energy system, finding that exergetic efficiencies for all three examined configurations 
are lower than the corresponding energy efficiencies.  The lower exergy efficiencies are expected because they take 
into account waste heat. The analyses are used to determine system and component level thermodynamic 
efficiencies, which could then be used to suggest system improvements.  Kaushik et al. (2005) perform an exergetic 
analysis on a generalized cogeneration power plant in an effort to optimize the plant.  Kaushik et al. specifically 
examined the effects of irreversibilities in the system on the cogeneration plant performance.   
In thermoeconomics, costs are applied to thermodynamics analyses, thus determining the unit cost of energy in 
a given process.  The practice of applying costs to units of energy is especially useful when examining power plants, 
for obvious reason; the goal of a power plant is to make money by producing electricity, so it is valuable to know 
how much money is spent on each unit of power produced.  The same thermoeconomic procedure can also be used 
with exergy instead of energy.  As with thermodynamic analyses, using exergy in a thermoeconomic analysis allows 
for areas of waste or loss energy in the process to be targeted, but thermoeconomics examine these in terms of 
money instead of energy. 
Kwak et al. (2003) perform an exergoeconomics analysis on a combined cycle plant in order to encapsulate the 
whole cost of production, initial investments, and monetary losses due to irreversibilities in the system.  Unit cost 
values are applied to exergy balance equations to produce cost-balance equations.  
 
3.  DISCUSSION OF EXTERNALITIES 
 
As previously defined, externalities examine costs not accounted for in market mechanisms. An example of an 
externality may be acid rain damage to a historical monument; acid rain resulting from SOx emissions creates 
damage to the monument, however those responsible for the emissions do not pay for any repairs.  The main areas 
examined within externality studies (human health, resource depletion, and environmental health) are also examined 
within LCA.  Lifecycle assessments are a type of analysis that measures the total impact of a process or product over 
the span of its lifetime.  An LCA could trace resource consumption and use all the way back to the extraction of raw 
materials, but this is often impractical because of the massive scale of such an analysis.   
Externality studies and LCA analyses are two sides of the same coin; both analyses examine impacts in the 
same areas, mentioned above.  The main difference between the two analyses is that externality studies strive to 
account for impacts that are not accounted for in the market, while LCA examines costs associated with and paid for 
to provide a product.  A more complete picture of the plant’s impacts will be seen in the planned work through the 
examination of both the costs accounted for and costs not accounted for by the market.  
Dewulf et al. (2007) use the concept of exergy to generate a comprehensive resource-based lifecycle impact 
assessment (LCIA) method.  Although LCIA is a common analysis used to quantify the impact of a product or 
process in terms of resource “take away” from the environment, a single scale to compare all the various energies 
involved with the lifecycle is not readily available.  All resources can be quantified on the same scale without the 
use of weighting factors by using exergy.  The new method emphasizes the system boundaries in order to define 
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what natural resources, energy flows, and land are entering the industrial system.  The method provides a thorough 
analysis because it takes into account the total exergy deprived from the natural system, not just exergy removed 
from it.  For use in a similar assessment, De Meester et al. (2006) determine the chemical exergy content of 85 
elements and 73 minerals for use in exergetic LCA (ELCA).  
 
4. CONSIDERING ENVIRONMENTAL IMPACTS 
 
As the over-arching goal of the planned work is to identify low efficiency areas within the Frackville 
cogeneration power plant and suggest improvements, it is vital to keep the plant’s environmental impacts in mind.  
The new emphasis on the environment that President Obama brings to the government makes the consideration of 
environmental impacts, especially emissions, even more important.  The aforementioned topics of exergy and 
externalities have been used to analyze the impacts of power plants on the environment in the past, although exergy 
to a lesser degree.   
Rosen (2002) presents reasons for using thermodynamics, especially exergy, to address environmental impacts. 
It is concluded that exergy is an excellent tool in determining inefficiencies within a system, more so than energy 
analysis alone; by lowering exergetic inefficiencies the environmental impact of a system can be reduced.  Meyer et 
al. (2007) outline how to perform an “exergoenvironmental analysis” on an energy conversion system.  An 
exergoenvironmental study determines the contribution of each component, in terms of exergy, to the total 
environmental impact of the system in a similar manner that a thermoeconomic study examines the contribution of 
each component to the total cost of a system. The analysis for each component includes an exergetic analysis, an 
LCA, assignment of environmental impacts to the exergy streams, the calculation of exergoenvironmental variables, 
and the exergoenvironmental evaluation.   
Rosen et al. (2008) also examine the role of exergy in measuring sustainability. Rosen et al. discuss how a 
system’s exergetic efficiency can be used to qualify its level of sustainability, where complete sustainability is 
defined as having zero waste emissions or negative impacts on the environment.  The sustainability of the system is 
closely related to its level of reversibility; the closer the plant exergetic efficiency is to 100%, the less exergy is 
destroyed within the plant and the closer the plant is to being reversible. A brief look into the area of externalities is 
also taken.  The relationship between exergy and the environment is examined through the destruction of order and 
the depletion or use of resources.  Dewulf and Van Langenhove (2002) provide a more quantitative examination of 
the relationship between exergy and sustainability.  Dewulf and Van Langenhove define a non-sustainable process 
as one in which raw materials are removed from the ecosphere at a rate greater than they can be generated or if the 
process release harmful products into the environment.  A methodology for examining impacts on the ecosphere, the 
technosphere, and society, including organic material, is examined.  It can be noted that both these sets of research 
define sustainability is slightly different terms, thus highlighting the importance of explicitly defining sustainability 
within a given work.   
 
5. OVERVIEW OF POWER PLANT 
  
The power plant in question is an 88.4 MW culm based cogeneration power plant, schematic seen in Fig. 1, 
located in Frackville, Pennsylvania, USA.  A small percentage of the steam coming off of the custom built, 18-stage 
impulse turbine (13,600 kg/h) is used for space and process heating in a nearby prison, as well as heating for the 
plant and attached office space.   
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Figure 1. Schematic of John B. Rich Memorial Power Station 
 
Culm has lower energy content than anthracite coal- 3224 kJ/kg compared to 5160 kJ/kg.  Before the culm can 
be fed into the boilers, it must be transported to a processing facility adjacent to the power plant, processed, and then 
transported via conveyor belt, seen in Fig. 2, to the power plant.  The culm is placed in a dense liquid to separate the 
relatively heavy rock from the usable coal.  The usable material is removed using centripetal motion.  Unlike the 
fine powdered coal used in the more traditional pulverized coal power plant, culm is crushed into a more sand-like 
consistency.  After the preparation process is complete, the culm is fed into two circulating fluidized bed (CFB) 
boilers.  CFB boilers process low grade fuels, like culm, and allow for a greater resident time for the fuel within the 
boiler compared to traditional boilers, thereby allowing boiler temperatures to be lower than in other boilers.  
Nitrogen and oxygen react at temperatures above about 1480 oC, which is significantly higher than the CFB boiler 
temperature (~860oC).  Also, the lower boiler temperature allows limestone to be added, which reacts with the sulfur 
released during culm combustion to form benign calcium sulfide.  The lower temperature of the boiler thus causes 
two major pollutants, SOx and NOx, to be reduced to levels similar to comparably sized natural gas plants. 
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Figure 2. Conveyor system moving culm from processing facility to the culm silos. 
 
The power station sells the generated electricity to PPL (formerly known as Pennsylvania Power and Light), a 
power utility company that distributes the electricity throughout Pennsylvania.  According to Dudish and Weaver 
(2009), prior to 2007, the John B. Rich Memorial Power Station was on a fixed rate contract with PPL.  Since the 
end of said contract the power station has sold electricity to PPL at costs that vary by the hour.  The overall 
wholesale cost of electricity has recently fallen, making the emphasis on efficiency even more important.  Although 
it would seems that improvements to the plant design are more desirable in tough economic times, there will be a 
limit to what plant improvements can be implemented because it is necessary that such changes pay for themselves 
within a couple of years.  The short payback time will limit plant improvements to either smaller changes or changes 
that will have a large impact the efficiency of the plant.  
  
6. INITIAL ANALYSES 
 
This work is built on previous work performed by Bailey et al. (2006).  The previous work included a 
thermodynamic first and second law analysis of certain components of the plant and a brief externality study of the 
plant.   
 
6.1. Initial Thermodynamic Model  
 
The previous thermodynamic analysis is modeled using Engineering Equation Solver (EES) software. The 
thermodynamic model uses limited actual plant data including temperature, pressure, mass flow rate, etc.  First law 
analyses are included for the turbine, boiler, condenser and total plant processes.  Second law analyses are 
performed for the turbine, boiler, and total plant processes.  It is assumed that the environmental temperature, To, is 
the temperature immediately surrounding each component, not the environmental temperature outside of the plant.  
Table 1 and Tab. 2 show the results from these analyses.   
 
 
Table 1. Initial energy first law analysis flow rates from Bailey et al. (2006). 
 
Energy Flow Path Power (MW) 
Generator output 88.4 
Power back to plant 7.25 
Net power 81.2 
Process heat rate 8.53 
ሶܳ ௙௨௘௟ 309.5 
     ሶܳ ௦௧௘௔௠  251 
 
Table 2. Second law analysis of cogeneration plant from Bailey et al. (2006). 
  
Component 
Sgen 
(kW/K) 
Xdestroyed 
(MW) 
ሶ݉ ൫ ௙݁ଵ
െ ௙݁ଶሻ 
(MW) 
Change in exergy 
(dEcv/dt) 
2nd law 
efficiency 
Turbine 24.3 7.3 100.4 -1.22 92.70% 
Boiler 474.8 146.3 … -188.2 … 
Cycle … … … … 34.5% (est.) 
 
In the above tables, ሶܳ ௙௨௘௟ is the total rate of energy associated with the culm feedstock added during the heat 
addition process,   ሶܳ ௦௧௘௔௠ is the rate of heat transferred to the steam through the boiler, Sgen is the entropy production 
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rate associated with each component, Xdestroyed is the exergy destruction rate through each component included in 
Tab. 2, and  ሶ݉ ൫ ௙݁ଵ െ ௙݁ଶ൯ is the change in specific flow exergy rate through each component listed. 
As can be seen in Tab. 2, there is no second law efficiency for the boiler.  This is due to difficulties obtaining an 
exergy content value for the fuel.  Some difficulties arose because the data used for the analysis is limited by the 
information recorded by the power plant- for instance, the power plant does not have accurate mass flow rates for all 
streams coming into and out of the boiler.   
 
6.2. Initial Externality Analysis 
 
The Frackville based plant is particularly interesting from an externalities point of view.  Culm deposits may be 
found where anthracite coal has been mined.  When left in these deposits, culm leaches pollutants, such as 
aluminum, iron, and sulfates into the soil, making it impossible for normal plant life to grow, which then affects the 
area’s wildlife.  Transportation of culm from the deposits to the culm processing facility produces pollution, as does 
the preparation process, but the culm pollutants no longer leak into the soil.  Another positive effect the plant has on 
the surrounding area is water cleanup; make up water for the cooling towers is drawn from old mine pits, cleaned, 
and then returned to nearby streams when it is no longer needed.  The water drawn from the mines is returned much 
cleaner than it was found.  Further, the bottom ash, fly ash, and rock by-products of the culm preparation and 
combustion are used to reclaim the land scarred by the culm deposits.  The cogeneration power plant has a complex 
relationship with the environment around it; pollution is produced with the transportation of culm and the production 
of energy, but land reclamation is also made possible.  It is also important to keep in mind that the electrical power 
generated by the cogeneration power plant would, for better or worse, be produced in another plant if not this one. 
The externality study previously performed on the Frackville power plant is brief, although it does point out 
where the study can be expanded.  The previous study examines the costs of two pollutants, SO2 and NO2.  General 
emission data for coal-fired power plants are used to generate the externality costs (including damages due to ozone 
formation, acid rain, and to human health) of these two pollutants for a conventional coal power plant, a total of 
7,352,500 USD/year.  Some estimates place culm based plant emissions to be 85-95% lower than those of 
comparably sized coal plants.  The emissions of the culm-based power plant are therefore taken as 10% of a 
conventional power plan, resulting in an estimated externality cost of 735,350 USD/year.  
 
7. RESEARCH PLANS 
 
Of course, there is plenty of room to expand the initial results.  The data available to the previous researchers 
was limited, however, since their analysis, more has become available.  The restrictions on plant data mentioned 
previously will not be as much of an issue as before, however, some desirable data, such as mass flow rates, will still 
be estimated.  The previous externality assessment was also limited to only a few environmental impacts, SO2 and 
NO2.  Although these are prevalent and important pollutants, many other impacts exist that are equally valid.  In the 
planned research, the thermodynamic model will be expanded to account for some deficiencies within the previous 
and initial work.  The externality study will also be expanded to account for a number of other important factors 
such as CO2.  Unit cost values will be applied to aspects of the thermodynamic model and the externality study.  By 
applying the cost values, the economic side of plant operation will be examined alongside the plant efficiencies and 
impacts.  The economic analysis will provide insight into exactly where money is spent in the plant and how much 
inefficiencies and wastes are costing, or at least not earning, the plant owner.  
Recent literature offers many ways in which a system can be analyzed with the end goal of suggesting 
improvements.  Giannantoni et al. (2005) explain that a system, particularly a power producing system, can be 
improved in five major categories: energy, exergy, thermoeconomic, environmental evaluation, and economic.  In 
order to improve an existing system, energy, exergy, and thermoeconomic analyses should first be conducted to 
determine sources of irreversibility and major inefficiencies.  Once these problem areas have been identified and a 
number of feasible solutions proposed, each proposal is examined from an environmental and an economic 
standpoint. By allowing for flexibility within the work plan, necessary changes to previous steps may be made in an 
effort to arrive at the most impactful and practical suggestions possible.   
 
7.1. Using Exergy and Externality Parameters 
 
Many of the applications of exergy and externalities have been discussed throughout the literature review.  The 
benefit of using exergy and externalities instead of energy and lifecycle assessments alone is that the former 
analyses provide a more clear and precise picture of where waste occurs in a process and who or what the process 
effects.  The actual waste of the plant processes, indicated by exergy efficiencies, is especially important when 
making decisions about changes to the plant.   
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As discussed before, it is important to keep in mind what changes to the plant can actually be implemented and 
which improvements cannot be.  It may be determined that the plant efficiency will be most improved by replacing 
the whole CFB boiler with a different type of technology, but this advice from a business standpoint is unrealistic, 
especially as a couple year payback time has moved from desirable to necessary.  It may be found, however, that it 
is cost effective to add more insulation to the boiler in the superheater area.  While such an addition may not 
improve the plant efficiency to as great a degree as replacing the whole boiler, it is a more realistic improvement at a 
more reasonable cost.     
The exergy and externality parameters will be used as factors in optimization schemes to help determine how 
the plant could or should be improved.  The cost function for such optimization schemes could be plant profits or 
plant efficiencies.  Constraints to consider in an optimization scheme could be a certain number of years until 
payback, maintaining maximum power generation, and emission limits set by the government.  Two potential areas 
for optimization are the cooling towers fans, only one of which is variable speed with the other three with high and 
low speeds, and maximizing the culm combustion within the boiler.   
 
7.2. Thermodynamic Model  
 
The improved thermodynamic model will more closely examine a number of major plant components and the 
plant as a whole.  The analyses for the boiler, turbines, condenser, pumps, feedwater heaters, and other components 
of the plant will be reexamined and improved where necessary.  An analysis of the overall plant will also be 
conducted.  The EES software will be used to solve the model and observe how parameter changes (for example the 
environmental temperature due to seasonal change) can affect the plant performance.   
Exergy will continue to be an important part of the plant analysis. By identifying both areas of exergy 
destruction and areas of exergy loss, a better idea will be formed of where plant improvements can be made.  It will 
also be useful to rank the exergy efficiencies of and exergy destroyed at the different major plant components in 
order to identify where improvements will make the largest difference in the overall plant efficiency. 
One problem encountered by the previous researchers was that although the energy content of culm is known, 
the exergy content is not.  As discussed by Bilgen and Kaygusuz (2008), information such as the ash and moisture 
content, higher heating value, and chemical composition of culm can be used to determine the exergy content of a 
fuel.  As part of the exergy analysis in the forthcoming work, the exergy of culm will be calculated based on data 
collected from culm samples coming into the plant.   
A number of tools will be used as a basis by which the current power plant performance can be compared with 
proposed improvements.  Both a thermodynamic analysis using energy and exergy and an externalities study 
(including an exergetic LCA) will be performed on the plant before making suggestions for plant improvement.  It is 
necessary that these analyses be performed before possible improvements are generated because the performance of 
the plant cannot be defined in terms of efficiencies alone. 
McMasters (2002) describes a methodology using least squares to determine the unit cost of delivering 
electricity and steam from a cogeneration power plant.  The unit costs are found using the known boiler steam 
required per unit time, the amount of delivered steam per unit time, and the amount of electricity generated.  Least 
squares are used to determine the ratio between kg boiler steam generated and kg delivered steam, the ratio between 
kg boiler steam generated and kWh delivered electricity, and the internal steam usage.  The ratio values can be 
multiplied to the unit cost of boiler steam to determine the unit cost of delivered steam and delivered electricity.  
This type of analysis may become useful during the thermoeconomic study of the cogeneration power plant as unit 
costs must be applied to each term in the thermodynamic balance equations in order to determine the economic 
impacts of the plant components.   
Dincer et al. (2007) provide straightforward and useful tools for calculating simple energy and exergy 
efficiencies for various power plants.  Combined energy and exergy diagrams are also highlighted as effective and 
compact ways to display energy and exergy efficiencies.  Wall (2003) presents a number of useful exergetic analysis 
tools including exergetic efficiencies, two types of exergy flow diagrams, exergy utility diagrams (EUDs), lifecycle 
exergy analysis (LCEA), and exergy economy optimization (EEO).  The diagrams presented by Dincer et al. and 
Wall will be used to help understand the differences between the energy and exergy efficiencies of the plant and 
display the analysis information in a more meaningful way.     
 
7.3.  Externality Analysis 
 
The externality study of the power plant from the previous work has a number of limitations.  The complexities 
of the plant’s impact on the surrounding area make an externality study particularly difficult; some of the 
complications can be seen in Fig. 3 in which the major streams involved with the plant processes are shown.  The 
culm pathway from culm bank to boiler is shown by a bold line, whereas the dashed lines indicate the pathway of all 
water through the plant.  Harmful or wasteful products are indicated by square boxed text, while beneficial or useful 
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products are indicated by rounded boxed text.  Harmful products include the emissions produced through the power 
generation process, while an example of waste is steam coming out of the cooling towers.  On the other hand, a 
beneficial result of the entire process is cleared land and a useful product is the ash from combustion. The pollutants 
and emissions shown in this figure will be examined, starting with a more detailed examination of SOx and NOx 
emissions, and then examining CO2 emissions.  Carbon dioxide emissions are particularly important to examine 
because of the new U.S. administration’s plans for more stringent Cap-and-Trade policies on carbon emissions. 
 
 
 
Figure 3.  Mind map for externalities of the cogeneration power plant 
 
The intricacies of the relationship between the plant and the surrounding environment center on the fact that the 
total cycle of the plant, including the transportation of the culm to the plant, produces emissions, but at the same 
time also produces positive effects such as the removal of culm deposits and land reclamation.  The study is further 
complicated when it is considered that the electricity and heat generated by the power plant would come from 
another, potentially “dirtier”, source if not this plant.  It is therefore an oversight to examine the cogeneration power 
plant without considering possible impacts of attaining the electricity from another source.  The alternative power 
plant to the cogeneration plant would not necessarily use a waste product as its feedstock, requiring a great deal of 
energy before electricity can even be generated.  Because there are few power sources that release emissions at 
levels as low as the culm based cogeneration power plant, it must also be considered that an alternative energy 
source would likely increase the emissions released into the environment per unit electricity produced by a 
significant amount. 
A lifecycle assessment will also be performed on the plant.  The LCA should examine the impacts of the plant 
over its entire lifetime, but because the plant infrastructure is so complex, it will likely be easier to use LCA as a 
comparative tool between the cogeneration power plant and a similarly sized traditional coal fired power plant.  By 
comparing the similar plants, the construction and end of life stages of the plants could be assumed about the same, 
leaving the plant operation as the difference.  An analysis focusing on the operation stage of the plant will be a much 
simpler analysis to complete.  The LCA information attained through the analysis will be helpful during the 
externality study because both analyses examine the impacts of the plant on human health, resource depletion, and 
environmental health.  Because LCA analyses are more widely used and standardized than externality analyses, the 
inclusion of the LCA will help validate and support the externality study performed.  The software SimaPro will be 
used to assist in the LCA.  
Soeno et al. (2003) address the issue of a system’s environmental impact through the quantification of waste 
material exergy.  The researchers determine the exergy flow by summing the exergy of the products, material waste, 
exhaust heat and losses, and entropy production.  The exergetic analysis can be displayed through diagrams that 
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display both exergy and mass flow of a process.  Each stage of a process is represented by an equilateral triangle; 
one side represents input resources, one side represents the products, and the last side represents the material waste.  
Arrow length is used to represent the magnitude of the exergy and the width is used to signify the mass.  The 
environmental impact of the plant, as mentioned before, is an important part of the planned work’s analysis.  
Because the cogeneration power plant has such unique handling of waste streams, it will be interesting to examine 
the impacts of the plant through the methodology suggested by Soeno et al. 
A common concern about externalities and lifecycle assessments is voiced throughout literature; Dewulf and 
Van Langenhove (2002) and Söderholm and Sundqvist (2003) explain that there is no single set of assumptions, 
especially in terms of costs, or one scale (for comparing different impacts) by which LCA and externality studies are 
performed.  The non-standard assumptions and scales, along with the impact of boundary and scope definitions, in 
LCA and externality studies create a wide spectrum of possible outcomes, even when given the same system or 
process.  It is therefore important to the current work to acknowledge and minimize uncertainties when performing 
either of these types of analyses.   
Sundqvist (2004) examine the difficulties of placing monetary values on externality parameters.  Depending on 
methods used, the assigned monetary values can vary.  A graphical display of a survey of externality costs generated 
by various power generation methods is given in which a wide range of costs are found due to differing 
assumptions, conditions, and assigned values.  Because externality studies are examined in terms of the monetary 
cost of unaccounted for impacts, it is important to keep consider the range of values that may be generated 
depending on the assumptions made in the work.  One method of accounting for such uncertainties is suggested by 
Spadaro and Rabl (2008), who present a practical, simple, and transparent method of calculating the uncertainty 
associated with the damage costs of pollution.  The presented method, as opposed to the more common use of 
Monte Carlo calculations, may be evaluated in a spreadsheet using sums and products.  
 
CONCLUSION 
 
The plan for a thermodynamic and externality analysis of an 88.4 MW cogeneration power plant using 
operation data is discussed.  The plant in question has been examined before, but not to the same extent as the 
planned work.  Previous literature on the subjects of exergy, power plant analysis, and externalities has been 
examined and summarized.  Future work will include expanded first and second law thermodynamic analyses, an 
externality study including a lifecycle assessment, optimization of various plant components, and suggested changes 
in the plant for improved operations. 
Certain exergy parameters, such as exergy destruction, losses, and efficiencies, and externality parameters, such 
as the effects of culm deposits on the Pennsylvania landscape and wildlife, and the effects of culm removal and land 
reclamation, will play a large role in assessing the performance of the power plant.  The exergy parameters will be 
used to locate areas in the plant that are not utilizing energy to its fullest.  The externality parameters will show both 
the damage and the benefits caused by the plant activity.  An optimization study is planned that will include the 
mentioned parameters as factors in an attempt to maximize plant profits and minimize payback times for changes to 
the plant. Practical improvements for the plant will be suggested based on the results and presented to power plant 
personnel for consideration. 
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Abstract:  The John B. Rich Memorial Power Station, located in the United States, is an 88.4 MW 
cogeneration power plant with a unique relationship with its surrounding environment.  The power 
station makes use of a plentiful and local byproduct of coal mining, called culm, as a feedstock.  Culm 
is a low energy combination of anthracite coal and rock left over from the inefficient removal of rock 
from usable coal in the peak days of coal mining.  For decades, culm deposits have leached pollution 
into groundwater and inhibited normal plant growth.  By using culm, the power station removes a 
significant pollutant and eyesore from the area.  Further, the power station is involved in a land 
reclamation program that covers land cleared of culm with topsoil and plant life.  In order to process the 
culm, the power station utilizes two circulating fluidized bed (CFB) boilers.  This work uses actual plant 
data to explore the thermodynamic performance of the plant.  The first and second laws of 
thermodynamics are used to analyze the plant components, including the boilers, turbine, feedwater 
heaters, and condenser.  The thermodynamic analyses are performed in part to determine properties 
through the plant, mainly mass flow rates that are not recorded during plant operation, and in part to 
characterize plant performance.  Before the exergy analysis of the boilers can be performed, the 
streams into and out of each boiler must be characterized in terms of composition, mass, and exergy.  
Although the energy content of the culm is regularly measured by the power station, the exergy content 
must be determined based on the culm composition, which is provided by the plant.  The exergy 
content of the flue gas is also determined based on the culm composition.  The effects of sensor 
accuracy are briefly examined.  The boiler performance is compared to other boiler technologies.  A 
simple model of the plant with steam reheat is compared to the current plant configuration as well.  
Keywords: Cogeneration, culm, exergy.  
1. Introduction 
The John B. Rich Memorial Power Station, in 
operation since the late 1980’s, has pursued a 
unique fuel source (culm) and uses a relatively 
new boiler technology.  Culm is a low-grade 
anthracite coal by-product with an energy content 
of 3224 kJ/kg, compared to 5160 kJ/kg for 
anthracite coal [1].   
As more and more power sources options become 
available, it has become increasingly relevant to 
quantify the performance of a given technology.  
Since there are so many available technologies and 
power sources, it is necessary to quantify 
performance in a way that enables one to make 
informed decisions in terms of cost, reliability, 
practicality, and environmental impact.  In this 
work, the performance of the plant will be 
quantified and the boiler performance will be 
examined alongside other technologies.     
Work was previously performed on the power 
station [1, 2], but will be expanded and improved 
upon during this analysis in a number of ways.  
First, this analysis takes advantage of actual 
temperature, pressure, and flow rate data collected 
throughout the plant, whereas the previous 
analyses used estimated and analytical data only.  
Second, this work includes a more detailed 
examination of the boiler and the interactions 
between each of the major sub-systems of the 
plant.  Finally, this work suggests and models 
possible plant improvements.   
2. Background 
2.1. Exergy 
The thermodynamic analysis of the plant will 
include an energy analysis as well as an exergy 
analysis.  Unlike energy, exergy is not conserved, 
but may be destroyed through irreversibility.  
Exergy is also a comparative value; all exergy 
Corresponding Author: Domigan, Email: wdomigan@gmail.com  
208 
measurements and analyses are performed with 
reference to a “dead state” or reference 
environment.  The reference environment includes 
a uniform and unchanging temperature, pressure, 
and chemical composition [3].   
2.2. Power station description 
The power station in question delivers up to 88.4 
MW of electricity to a local utility and 13,600 kg/h 
of steam to an adjacent correctional facility.  On 
average, only about 4,939 kg/h of process steam is 
delivered from the plant.   
The low operational temperature of CFB boilers 
(~860oC) cause two major emissions, NOx and 
SOx, to be much lower than a traditional 
pulverized coal power plant.  NOx emissions are 
reduced because the reactions which produce the 
most NOx occur at temperatures above ~1480oC, 
which is much higher than CFB operational 
temperatures.  The low CFB temperatures also 
allow limestone to be added to the combustion 
chambers, which effectively capture SO2 formed 
during combustion, thereby reducing harmful SOx 
emissions.  
The cogeneration plant uses an 18-stage turbine.  
Steam is extracted at 5 locations through the 
turbine to be used elsewhere in the plant or off site 
to serve a local district heating load.  The turbine 
isentropic efficiency and the generator efficiency 
are reported by the manufacturer as 80% and 95%, 
respectively [2].   
The total plant feedwater path may be seen in Fig. 
1.  The labels shown in the diagram are used 
through the models in the following sections.
Fig. 1.  Schematic of the feedwater path through the plant. 
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2.3. Operational data 
Data is collected throughout the power plant to monitor both resource use and for safety considerations.  
This analysis takes advantage of 79 of the hundreds of temperature, pressure, and flow rate data collection 
points through the plant.  Each sensor has an associated accuracy range that will be used to help gauge 
model error. 
3. Thermodynamic models 
A few basic assumptions are made across all the models described in this work.  These assumptions 
include steady-state operations, negligible kinetic and potential energy effects, and ideal gas models for 
air and flue gas.  Since exergy is with reference to a dead state, the environmental conditions are as 
realistic as possible.  This work uses seasonal average temperatures and pressure at the plant elevation 
(0.961 bar, 267-192.5 K).   
3.1. Boiler sub-system 
A control volume approach is taken around the boiler combustion chamber.  The feedwater tubes are 
taken to be outside the boiler control volume. 
Two sources of heat transfer are considered: BuQ ,&  is the heat transfer from the combustion chamber to the 
feedwater, and BlQ ,&  is the heat loss through the boiler walls.  A simplified boiler schematic may be seen 
in Fig. 2.  
  
Figure 2. Schematic of boiler sub-system with control volume.  
3.1.1. Combustion reactions 
The boiler model assumes 120% theoretical air and 9% residue carbon (r=0.09) in the ash leaving the 
boiler.  The reside carbon value is based on an analysis performed on the ash by the power plant.  It 
should also be noted that the NOx emissions are assumed to be all in the form of NO since NO is 
thermodynamically favoured over NO2 at temperatures below 1480oC [4].  The opposite is true in 
traditional coal fired plants where boiler temperatures are well above the reaction temperature for NO2 
production [5].   
The chemical reactions [4-6] within the boiler are given as: 
( ) ( ) rCNOrCO-r
AirC
++++
→+
222 512.42.01            
)(2.1
   (1) 
222 512.495.00.5 )(2.1 NOOHAirH ++→+   (2) 
Feedwater
& spray water
Superheated 
steam
Culm feeds 1&2
Limestone feeds 
1&2
Bottom 
ash
Fly ash & 
flue gas
Primary air 1&2
Duct burner air 
1, 2, & 3
Secondary air
1&2
BlQ ,&
BuQ ,&
210 
222 512.42.0SO )(2.1 NOAirS ++→+   (3) 
23 COCaOCaCO +→   (4) 
( ) 2242 512.47.02.1 NOCaSOAirSOCaO ++→++  (5) 
22 512.47.0O)(2.1 NONAirN ++→+   (6) 
22 012.42.1NO)(2.1 NOAirO ++→+   (7) 
where ( )22 76.3)( NOAir +=  . 
3.1.2. Boiler energy considerations 
Neglecting the fan and pump work, an energy balance around each boiler is given as 
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where PAm&  is the sum of the primary air streams, SAm& is the sum of the secondary and duct burner air 
streams, culmm&  is the total culm used, 3CaCOm& is the total limestone into the boiler, and ∑ += BuBlB QQQ ,, &&& .   
The energies associated with the formation of the flue gas and ashes are released or absorbed during the 
combustion process.  Therefore, the enthalpy of formation values for the flue gas and ashes are included 
in the culm combustion energy release, described by the higher heating value of the fuel.   
The change in enthalpy of the flue gas may be found with the ideal gas model, the ultimate and proximate 
analyses for culm, and the flue gas temperature [6].  The specific heat of flue gas model does not account 
for limestone addition, however, the effects of NO and SOx reduction are only about 1% worst case [6] 
and so are neglected.  The enthalpies of both ashes are calculated as functions of temperature [4].  The 
limestone term in (8) is determined based on the limestone reactions using the following format: 
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   (9) 
When a mass balance is performed on (4) and (5) it is found that 
4223 CaSOSOCOCaCO
nnnn &&&& === .  The 
limestone temperature as it enters the boiler is approximated as the reference temperature, however, the 
formation of CaSO4 occurs at the boiler chamber temperature.  Therefore, the changes in enthalpy for the 
reactants in (9) cancel to zero, while the changes in enthalpy for the reactants do not.  Equation (9) then 
becomes 
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The change in enthalpy values are calculated using the assumption of constant specific heat, while the 
enthalpy of formation values are found from chemical property tables [8].   
The useful heat transfer for each boiler describes the heat delivered into the feedwater.  This value may be 
found by examining the change in enthalpy of the feedwater entering and exiting the boiler heaters. 
( )SHSFWFWBu hhmQ −= && ,   (11) 
The boiler heat loss may then be found by solving (8) for BlQ ,& : 
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The boiler efficiency is given as the ratio between the energy content of the fuel and the heat transferred 
to the feedwater. 
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3.1.3. Boiler exergy considerations 
The chemical exergy balance for the boiler may be used to find the exergy destroyed in the boiler: 
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The flue gas exergy is calculated based on the flue gas temperature and the culm composition [6].  The 
culm exergy is also calculated based on the chemical composition of the fuel [7]. The exergetic efficiency 
for the boiler is given as the ratio between the useful exergy and the input exergy. 
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3.2. Turbine, feedwater heaters, and condenser sub-systems 
Although temperature and pressure data may be determined from plant data or using assumptions, the 
only flow rates recorded are the condensate makeup water (C4 on Fig. 1), steam out of boilers (T1 on Fig. 
1), and the feedwater into the boilers (F7 on Fig. 1).  By applying conservation of mass and energy 
balances to the feedwater heaters, the remaining mass flow rates may be found.   
3.2.1. Feedwater heater analysis 
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It is assumed that heat loss is negligible for each feedwater heater.  Using conservation of mass through 
the feedwater heaters in Fig. 1, it is readily seen that 
567 FFF mmm &&& ==   (16) 
123 FFF mmm &&& ==   (17) 
1516 FF mm && =   (18) 
131614 FFF mmm &&& +=   (19) 
12144 FFF mmm &&& +=   (20) 
1011 FF mm && =   (21) 
8119 FFF mmm &&& +=   (22) 
Solving an energy balance around FWH 5 for the flow rate at F15 and substituting in (16) and (18) gives 
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( )1615
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FFF
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hhm
m −
−= &&   (23) 
An energy balance around FWH 4 and substituting (16), (19), and (23) may be solved for the flow rate 
through F13 
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141616656
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If a control volume is applied around the turbine, condenser, FWH 2, and FWH 1, it may also be found 
with conservation of mass that 
1334112 FFCTF mmmmm &&&&& −−+=   (25) 
An energy balance around FWH 2 along with (17), and (21) gives  
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An energy balance around FWH 1 with (17), (21), and (26) gives 
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Using (16) - (27), all flow rates through the FWH system are now known.  The turbine extraction flow 
rates may now be calculated thus: 
Extraction 5:  25152 TFT mmm &&& +=        (28) 
Extraction 4:  6133 CFT mmm &&& +=            (29) 
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where 6Cm&  is found by applying an energy balance around the boiler feed pump to find the work input, 
and then using that work in an energy balance around the boiler feed pump turbine and solving for 6Cm& . 
Extraction 3:  124 FT mm && =         (30) 
Extraction 2:  105 FT mm && =          (31) 
Extraction 1:  86 FT mm && =          (32) 
Turbine exhaust:   
6543217  TTTTTTT mmmmmmm &&&&&&& −−−−−=     (33) 
Finally, the missing flow rates through the condenser are found using conservation of mass: 
73 TC mm && =   (34) 
95 FC mm && =   (35) 
65437 CCCCC mmmmm &&&&& +++=   (36) 
3.2.2. Turbine energy considerations 
Based on plant information, the turbine exhaust and extraction 1 flows are taken to be mixtures with 
respective qualities of 89% and 97%.  The heat loss from the turbine is based on a heat loss curve 
provided by the plant; it is assumed that the turbine heat loss is 0.7% of the work produced by the turbine, 
or  
TTl WQ && 007.0, −=   (37) 
The work produced by the turbine may be calculated two ways.  First, the generator efficiency may be 
applied to the generator export, which is carefully monitored by the plant.  Second, an energy balance 
may be performed around the turbine using the calculated mass flow rates, assumed heat loss, and 
available temperature and pressure data.  These work values will be referred to as 1,TW& and 2,TW& , 
respectively, in the results section.  Ideally these two values should be identical, however, because of 
assumptions and sensor errors, they are not.   
An energy balance around the turbine gives 
∑∑ −=−
inout
TTl hmhmWQ &&&& ,   (38) 
When (37) is applied to (38), the turbine work may be solved for as 
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The isentropic turbine efficiency is useful for comparative and validation purposes, and may be calculated 
using 
TsTTs WW &&=η   (40) 
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3.2.3. Turbine exergy considerations 
The exergy destruction around the turbine is found from an exergy balance, which yields   
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The exergy efficiency compares the exergy of the desired output streams, meaning the turbine work, to 
the change in flow exergy across the turbine.  The turbine exergy efficiency is then given as 
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−=ε   (43) 
3.2.4. Feedwater heaters and condenser 
The heat transfer to the cooling water that passes through the condenser is found using an energy balance.  
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The exergy destroyed in the condenser and each of the feedwater heaters are found by applying exergy 
balances to give 
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3.3. Total plant analysis 
The total plant analysis pulls the subsystem analyses together to find the total performance of the plant.  
The total heat loss from the plant is given as the sum of the heat loss of each component 
ClTl
total
BlPl QQQQ ,,,, &&&& ++=   (51) 
where
total
BlQ ,&  is the sum of the heat losses from each boiler.   
The work used internally for supporting the various pumps, fans, and lighting through the plant is found 
by taking the difference between the net power out of the plant, netPW ,& , and power output of the turbine, 
genW& .  
netPgeninP WWW ,, &&& −=   (52) 
The energy utilization factor (EUF) for the plant takes into account the energy within the process steam, 
the electrical energy exported from the plant, and the total heat input into the plant.  The EUF is given as 
[9] 
( )
total
culm
netPTCT
Q
Whhm
&
&& ,25425EUF +−=   (53) 
where 
total
culmQ&  is the fuel energy added to the plant.   
Since energy of the process steam is only a small fraction of the electrical energy, it may be neglected to 
find the plant thermal efficiency. 
total
culmnetPPth QW && ,, =η   (54) 
The energy types in the numerator of (53) are of differing qualities, which makes the EUF a sub-ideal 
performance indicator. The exergetic efficiency, given below, is a better measure of the plant 
performance since exergy accounts for the different types of energy.  The net exergy out of the plant is 
equal to netPW ,& . 
( )
inP
netPTfCfT
P
Weem
,
,25,4,25
Ε
+−= &
&&ε   (55) 
where the exergy input is equal to  
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( )CHculmculminP em&& =Ε ,   (56) 
The total exergy destruction through the plant is given as the sum of the destruction in each subsystem 
FdCdTd
total
BdPd ,,,,, Ε+Ε+Ε+Ε=Ε &&&&&    (57) 
3.3.1. Turbine improvements 
The moisture content at extraction 1 and the turbine exhaust will wear the turbine blades at a faster rate 
than  if the steam was superheated.  With this in mind, the addition of steam reheat, shown in Fig. 3, 
between extraction 3 and 2 is explored. 
 
Figure 3.  Schematic of simple turbine reheat scenario. 
 
 
Table 1. Summary of significant energy values.  NA indicates that data is not available. 
Energy Parameter 
(MW) Previous Analysis 
Current
Work 
Using 1,TW&  
Current 
Work 
Using 2,TW&  
With Turbine 
Reheat 
total
BlQ ,&  NA 73.45 73.45 NA 
ClQ ,&  NA 112.65 112.65 NA 
TlQ ,&  NA 0.63 0.54 0.60 
PlQ ,&  NA 186.73 186.64 NA 
processQ&  8.53 4.08 4.08 4.08 
total
culmQ&  309.5 304.88 304.88 332.42 
total
BuQ .&  251 232.64 232.64 260.18 
TW&  NA 90.17 77.81 85.87 
genW&  88.4 85.66 73.92 81.57 
T1
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iPW ,&  7.25 7.94 7.94 7.94 
netPW ,&  81.2 77.72 65.98 73.64 
 
Table 2. Summary of significant exergy parameters.  NA indicates that data is not available. 
Exergy Parameter (MW) Previous Analysis
Current 
Work 
Using 1,TW&  
Current 
Work 
Using 2,TW&  
With Turbine Reheat 
culmΕ& NA 314.26 314.26 342.66 
SAPA Ε+Ε && NA 5.77 5.77 NA 
3CaCO
Ε&
 
NA 0.002 0.002 NA 
totalin,Ε&  NA 320.03 320.03 NA 
processΕ&  NA 1.66 1.66 1.66 
totalout ,Ε&  NA 79.34 67.64 75.3 
Td ,Ε&  7.3 13.43 13.43 14.78 
Cd ,Ε&  NA 5.53 5.53 NA 
total
Bd ,Ε&  146.3 452.22 452.22 NA 
total
FWHd ,Ε&  NA 15.78 15.78 NA 
totald ,Ε&  NA 486.96 486.96 NA 
 
 
An analysis of the reheat process is performed using averaged data and a number of assumptions.  The 
temperature at T7’ in Fig. 3 is assumed to be the temperature at T7 increased by 30oC to place it solidly in 
the superheated region.  The temperatures upstream are back calculated from the T7’ temperature based 
on the relationships between the temperatures in the operational data- for instance, the temperature 
decrease of 40% is observed in the operational data between T6 and T7, so the temperature at T6’ will be 
found by applying a 40% increase from T7’.  The pressures are assumed to remain unchanged from the 
no-reheat case. 
Although the reheat will impact the feedwater heaters, condenser, and air and limestone addition to the 
boilers, this analysis will not go into such great detail.  The heat required to increase the steam 
temperature and the necessary fuel use increase are both found.  Since the overall efficiencies are based 
mainly on the fuel use and the power export, they may also be found.   
4. Initial results 
The analyses are performed using data collected at hourly intervals from Dec. 7- Dec. 30, 2009.  These 
dates are chosen because of the even operation load throughout.  Since the data used is from a winter 
month, the average winter reference conditions (0.961 bar, 267 K) will be used. The heat transfer and 
work parameters are listed in Tab. 1.Exergy parameters are in Table 2. Finally, the efficiency measures 
are given in Table 3. 
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Table 3. Summary of energy and exergy efficiencies.  NA indicates that data is not available. 
Efficiencies 
(%) Previous Analysis 
Current 
Work 
Using 1,TW&  
Current 
Work 
Using 2,TW&  
With Turbine Reheat 
Bη 81 79.78 79.78 NA 
Tsη ~80 NA 82.19 79.82 
thη 26 25.63 21.74 22.15 
EUF 29 26.98 23.10 23.38 
Tε 92.7 67.61 58.31 65.82 
Bε  NA 55.76 55.76 NA 
Pε  ~34.5 25.40 21.63 22.18 
The turbine reheat process requires an additional fuel use of 1.77 kg/s based on the additional energy 
transfer required to reheat the steam and the culm HHV.   
5. Discussion 
Of the two sets of outcomes from the current work, the first, based on the generator output, is more 
accurate for reasons outlined in the following section.  It should be noted, however, that the reheat 
analysis should be compared to the second set of current work outcomes, based on the energy balance 
around the turbine.  This is because the reheat analysis also depends on the energy balance method to 
determine the turbine work.  Although the method is less accurate, the relative improvement of the reheat 
scenario may be seen and understood.  
5.1. Accuracy 
For the most part the results from this work and the previous work are within range.  It may be noted, 
however, that there is a very large difference in the boiler exergy destruction rate.  Because the previous 
analysis did not have a measurement of the culm exergy content, the methods in which they calculated the 
exergy destruction were very rough, whereas this work goes into detail about each exergy stream.  The 
differences between the analyses have three major sources: actual data use, which includes effects of 
sensor accuracy, different reference conditions, and slightly different assumptions through the models. 
The error between the two turbine work methods is found to be 13.7%.  Although this is a high error, the 
accuracy errors of the sensors must be considered.  Since 36 sensors are used in the calculation of 2,TW& , 
and only 1 sensor for 1,TW& , it is expected that 2,TW&  is less accurate than 2,TW& .  A range of turbine work 
can be established using the operational data and the corresponding sensor accuracies.  An upper bound of 
81.84 MW is found if all operational data is adjusted using the accuracies to yield the maximum turbine 
work, and a lower bound of 76.84 MW when the data is adjusted to yield the minimum turbine work.  The 
sensor error therefore accounts for some of the turbine work error, but not all.  The rest of the error 
between the two values may be attributed to assumptions used. 
5.2. Comparisons 
Although the picture given by the reheat to current comparison is incomplete, it does show how the 
overall plant performances increase when steam reheat is introduced.  Since more energy overall will be 
entering the turbine, more power may be produced.    
Energy and exergy analyses are performed on a number of non-CFB steam boilers [10].  It is found that 
the boiler energy efficiencies range from 72.46% for a boiler using nanofluids [10], to 84% for a boiler 
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using sugarcane bagasse [11], to 93.76% for a boiler using heavy fuel oil [12].  Results found through this 
work, 79.8%, are well within this range.   
Boiler exergy efficiencies have been given as 24.89% [10], 27.6% [11], and 43.8% [12].  The exergy 
efficiency for the boilers in this analysis, 55.8%, is higher than these analyses.  These results suggest that 
CFB boilers using culm create less exergy destruction than a variety of other common steam boilers.     
Although the efficiencies of the plant examined in this work may be better or worse than other plants, the 
environmental aspects of the plant are relatively desirable.  There is little energy expended in the transport 
and preparation of culm as a fuel source.  It is also notable that the culm deposits throughout mining 
country are harmful to the environment.  When compared to the impact of a pulverized coal power 
station, the environmental impacts of the plant examined in this work are small.  A traditional coal plant 
necessitates coal mining, transport, and pulverization, all of which take a great deal of energy, 
infrastructure, and labor.   
5.3. Future work and conclusion 
In order to have a better understanding of the environmental impact of the system, a more detailed 
examination of the combustion process and emissions in the boilers is needed.  There are also many other 
plant improvements that will be quantified, such as the effects of increased process steam use and 
decreasing the residue carbon in the ash.  Finally, the environmental impacts of the plant will be expanded 
and quantified through an externality analysis. 
A thermodynamic analysis is performed on an 88 MW cogeneration power plant using actual operational 
data.  The turbine is found to have an isentropic efficiency of 82.19% and an exergetic efficiency of 
67.61%.  The boiler is found to have energy and exergy efficiencies of 79.78% and 55.76%, respectively.  
The overall plant has a thermal efficiency of 25.63% and an exergetic efficiency of 25.40%. 
 
Nomenclature 
h, h  enthalpy, kJ/kg, kJ/kmol 
o
fh ,
o
fh  enthalpy of formation, kJ/kg, kJ/kmol 
r residue carbon, % 
s entropy, kJ/(kg K) 
m&  mass flow rate, kg/s 
n&  molar flow rate, kmol/s 
dΕ&  exergy destroyed, MW 
Q&  heat transfer, MW 
W&  work, MW 
Greek symbols 
η energy efficiency 
ε exergy efficiency 
Subscripts and superscripts 
c combustion chamber 
FG flue gas 
FA fly ash 
BA bottom ash 
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FW feedwater 
SHS super heated steam 
T turbine 
B boiler 
F   feedwater heaters 
C  condenser 
P plant 
gen generator 
s isentropic 
u useful 
l  loss 
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